福島第一原子力発電所事故時のRCICタービン挙動に関する研究 by Lopez De-Abajo Hector & ロペズ デ アバジョ ヘクタ
  
博士論文 
 
 
 
 
Evaluation on RCIC turbine behavior 
during Fukushima -Daiichi NPP Accident
(福島第一原子力発電所事故時の RCIC タービン挙動に関す
る研究) 
 
  
 
 
 
ロペズ デ アバジョ   ヘクタ 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
EVALUATION ON RCIC TURBINE BEHAVIOR 
DURING FUKUSHIMA-DAIICHI NPP ACCIDENT. 
 
 
 
 
A dissertation submitted to 
The University of Tokyo 
In partial fulfillment of the requirements 
For the degree of 
 
Doctor of Philosophy 
 
In 
 
NUCLEAR ENGINEERING AND MANAGEMENT 
 
 
By 
 
Hector Lopez de Abajo 
 
June 2015 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Table of contents 
 
List of figures……………………………………………………………………………I 
List of tables…………………………………………………………………………VI 
Abstract………………………………………………………………………………….1 
Chapter 1 Introduction…………………………………………………………..4 
  1.1- Boiler Water Reactor history…………………………………………………………4 
  1.2- Containment…………………………………………………………………………….7 
  1.3- Safety Relief Valves (SRV)……………………………………………………….8 
  1.4- Reactor Core Isolation Cooling system (RCIC system)………….……….9 
  1.5- Fukushima accident outline…………………………….………………………..14 
  1.6- Simulation codes………………………..…………………………………………..17 
    1.6.1- MAAP…………………………………………………………………………………………………….18 
    1.6.2- RELAP/ScdapSIM……………………………………………………………………………………19 
    1.6.3- MELCOR…………………………………………………………………………………………………21 
  1.7- Severe accident management……………..………………………………………25 
  1.8- Objectives………………………………………………………………………………27 
Chapter 2 Steam turbine design……………….……………………………29 
  2.1- RCIC steam turbine…………………………….………………………………………30 
    2.1.1- Nozzle design…………………………………………………………………………………………..36 
  
    2.1.2- Blade design………………………………….…………………………………………………………39 
  2.2- RCIC steam turbine degradation coefficient calculation…….……….42 
    2.2.1- Critical flow model description…………….…………………………………………………..44  
    2.2.2- Homogeneous Equilibrium Model……………………………………………………………44 
    2.2.3- Non-Homogeneous Equilibrium Model…………………………………………………….48 
    2.2.4- Degradation coefficient formation and discussion………..…………………………..53 
  2.3- Summary…………………………….…………………………………………………….58 
Chapter 3 Application of the turbine design into F1D2 RCIC 
system numerical analysis……………………….……………………………59 
  3.1- Fukushima Daiichi Unit 2 plant description……………….………………..59 
  3.2- Accident progression……….……………………………………………….…………62 
    3.2.1- Measured data…………………………………………………………………………………………65 
  3.3- RCIC system numerical analysis……………….………………………………….67 
    3.3.1- RCIC system description…………………………..………….…………………………………..67 
    3.3.2- Accident analysis…………………………………..……….………………………………………..70 
    3.3.3- Analysis results and discussion……………….……………………………………………….72 
  3.4- Summary……………………..………….………………………………………………..80 
Chapter 4 RELAP/ScdapSIM…………………………………………………..81 
  4.1- Code architecture…………………………………………..………………………….82 
    4.1.1- Transient/steady-state (TRNCTL) block…………………………………………………….83 
    4.1.2- Heat structure model………………………………………….…………………………………….84 
  
    4.1.3- Hydrodynamic model………………………………………………………………………………..85 
      4.1.3.1- Mass continuity…………………………..……………………………………………………………..86 
      4.1.3.2- Momentum conservation………………………………………………………………………….87 
      4.1.3.3- Energy conservation…………………………….……………………………………………………94 
  4.2- RELAP RCIC system nodalization……………….………………………………..95 
  4.3- RELAP code modifications…………………….…………………………………..101 
    4.3.1- Turbine degradation coefficient…………………….………………………………………..101 
    4.2.2- Steam Flashing………………………………………………………………………………………..105 
  4.4- RCIC Pump…………………….………………………………………………………….107 
    4.4.1- Description……………………………………………………………………………………………..108 
    4.4.2- Performance curves…………………………………………………………………………………112 
    4.4.3- Pump homologous curves generation………………………………………………………119 
  4.5- Summary………………………………………………………………………………….124 
Chapter 5 Simulation results and discussion……………….……….125 
  5.1- Single phase flow analysis………………………………………………………..125 
  5.2- Two-phase flow analysis – Accident progression…………….…………129 
    5.2.1- Open loop simulations…………………………………………………………………………….129 
      5.2.1.1- Torus room flooding……………………………………..………………………………………….136 
    5.2.2- Close loop simulations…………………………………………………………………………….140 
      5.2.2.1- Steam flashing phenomenon…………………………………………………………………..144 
 
  
  5.3- Comparison of F1D2 accident results obtained 
  by different codes……………………………………………………………………………148 
  5.4- Summary………………………………….……………………………………………….152 
Chapter 6 Conclusions…………………………………..…………………….154 
References……………………………………………..……………………..……156 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
I 
 
List of figures 
 
Figure 1-1 BWR development [1]………………………………………………………………………………………5 
Figure 1-2 BWR core structure [2]……………………………………………………………………………………6 
Figure 1-3 BWR Mark 1 containment [2]……………………………………………………………………………8 
Figure 1-4 SRV [5]……………………………………………………………………………………………………………..9 
Figure 1-5 RCIC system diagram [2]………………………………………………………………………………..11 
Figure 1-6 Suppression chamber thermal stratification…………………………………………………..13 
Figure 1-7 Suppression chamber geometry ………………………………………………………………….…13 
Figure 1-8 RHR suppression chamber cooling function layout [9]…………………………………….14 
Figure 1-9 Fukushima Daiichi site map [10]………………………………………………………………………16 
Figure 2-1 RCIC Terry turbine schematics 1 [7]………………………………………………………………..33 
Figure 2-2 RCIC Terry turbine schematics 2 [7]………………………………………………………………..34 
Figure 2-3 Principle of fluid expansion in nozzle [20]………………………………………………………37 
Figure 2-4 Convergent nozzle schematic ……………………………………………………………………….38 
Figure 2-5 Principle of blade design [20]…………………………………………………………………………40 
Figure 2-6 Generic velocity triangle diagram………………………………………………………………….41 
Figure 2-7 Turbine thermal hydraulic concept………………………………………………………………..45 
Figure 2-8 HEM mass flux calculation……………………………………………………………………………47 
Figure 2-9 HEM pseudo-fluid velocity calculation [29]…………………………………………………….48 
Figure 2-10 Critical mass flux value applying different slip ratios [26]……………………………50 
Figure 2-11 Relationship between the stagnation pressure and the critical mass flux using 
different models [26]……………………………………………………………………………………………….……51 
II 
 
Figure 2-12 NHEM mass flux calculation…………………………………………………………………….…..52 
Figure 2-13 HEM/NHEM model flow chart……………………………………………………………………53 
Figure 2-14 Turbine momentum and energy conservation concepts [30]…………………………54 
Figure 2-15 HEM degradation coefficient..……………………………………………………………………...56 
Figure 2-16 NHEM degradation coefficient………………………………………………………………………56 
Figure 2-17 HEM/NHEM degradation coefficient comparison…………………………………………57 
Figure 3-1 RPV pressure [11]……………………………………………………………………………………………65 
Figure 3-2 Drywell/Wetwell pressure [11]………………………………………………………………………66 
Figure 3-3 Decay heat [11]………………………………………………………………………………………………66 
Figure 3-4 RPV water level [11]………………………………………………………………………………………67 
Figure 3-5 RCIC system thermal hydraulic diagram……………………………………………………….68 
Figure 3-6 RCIC system numerical analysis flow chart.....................................................72 
Figure 3-7 MSL quality without turbine degradation………………………………………………………..73 
Figure 3-8 RCIC mass flow rates applying HEM coefficient………………………………………………74 
Figure 3-9 RCIC mass flow rates applying NHEM coefficient………………………………………….74 
Figure 3-10 RCIC mass flow rates applying by IAE [24]……………………………………………………76 
Figure 3-11 RCIC turbine steam mass flow rates comparison……………………………………………76 
Figure 3-12 RCIC turbine power comparison……………………………………………………………………77 
Figure 3-13 IAE-NHEM comparison…………………………………………………………………..………………78 
Figure 3-14 RCIC pump-turbine mass balance…………………………………………………………………79 
Figure 4-1 RELAP/ScadpSIM main blocks [36]…………………………………………………………………..82 
Figure 4-2 Transient block main subroutines [36]……………………………………………………………83 
Figure 4-3 Horizontal pipe flow regimes [14]……………………………………………………………………90 
III 
 
Figure 4-1 𝜃 - 𝛼𝑔 relationship [14]…………………………………………………………………………………91 
Figure 4-5 Laguna Verde nodalization [37]………………………………………………………………………96 
Figure 4-6 Laguna Verde RCIC system nodalization [37]…………………………………………………97 
Figure 4-7 Iteration of RCIC system nodalization……………………………………………………………..98 
Figure 4-8 Final version of the RCIC nodalization……………………………………………………………99 
Figure 4-9 Heat structure volume and area conservation………………………………………………100 
Figure 4-10 Turbine stages diagram [14]………………………………………………………………………102 
Figure 4-11 Flow path [40]……………………………………………………………………………………………108 
Figure 4-12 Centrifugal pump cutaway view [41]………………………………………………………..110 
Figure 4-13 Primary and secondary flows at the impeller [39]………………………………………110 
Figure 4-14 Impeller classification [39]…………………………………………………………………………112 
Figure 4-15 Affinity parabola…………………………………………………………………………………………116 
Figure 4-16 F1D2 RCIC pump QH curves………………………………………………………………………117 
Figure 4-17 F1D2 RCIC pump NPSH curve…………………………………………………………………….118 
Figure 4-18 Pump head first quadrant map……………………………………………………………………120 
Figure 4-19 Pump torque first quadrant map…………………………………………………………………120 
Figure 4-20 Pump head homologous curves…………………………………………………………………122 
Figure 4-21 Pump torque homologous curves………………………………………………………………123 
Figure 5-1 RCIC turbine power……………………………………………………………………………………….127 
Figure 5-2 RCIC turbine-pump rotational speed……………………………………………………………127 
Figure 5-3 Pump head…………………………………………………………………………………………………128 
Figure 5-4 High pressure limit mass flow rates……………………………………………………………128 
Figure 5-5 Low pressure limit mass flow rates………………………………………………………………129 
IV 
 
Figure 5-6 Mass flow rates……………………………………………………………………………………………130 
Figure 5-7 S/C water level………………………………………………………………………………………………131 
Figure 5-8 Steam mass flow rate through vacuum breakers………………………………………….132 
Figure 5-9 S/C pressure………………………………………………………………………………………………….132 
Figure 5-10 S/C temperatures at different heights…………………………………………………………133 
Figure 5-11 Turbine power…………………………………………………………………………………………….134 
Figure 5-12 Pumped mass flow rate comparison……………………………………………………………135 
Figure 5-13 CST mass flow rate………………………………………………………………………………………136 
Figure 5-14 Flooding level………………………………………………………………………………………………137 
Figure 5-15 Flooding effect on S/C pressure…………………………………………………………………138 
Figure 5-16 Flooding effect on S/C temperature……………………………………………………………138 
Figure 5-17 Flooding effect on turbine power……………………………………………………………….139 
Figure 5-18 RPV nodalization……………………………………………………………………………………….141 
Figure 5-19 Open/close loop RVP water level comparison……………………………………………141 
Figure 5-20 RPV pressure………………………………………………………………………………………………142 
Figure 5-21 Turbine power……………………………………………………………………………………………143 
Figure 5-22 Coolant temperatures………………………………………………………….……………………..144 
Figure 5-23 Cladding temperatures………………………………………………………………………………144 
Figure 5-24 Steam flashing effect on turbine fluid quality……………………………………………146 
Figure 5-25 Steam generated by flashing………………………………………………………………………146 
Figure 5-26 Steam flashing effect on turbine power………………………………………………………147 
Figure 5-27 Steam flashing effect on RPV water level…………………………………………………….147 
Figure 5-28 Steam flashing effect on RPV pressure………………………………………………………..148 
V 
 
 
Figure 5-29 RELAP-SAMPSON-MAAP RPV pressure comparison……………………………………..149 
Figure 5-30 RELAP-SAMPSON-MAAP RPV water level comparison………………………….……..150 
Figure 5-31 RELAP-SAMPSON steam generated by flashing………………………………….………..150 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
VI 
 
 
List of tables 
 
Table 1-1 RCIC specification data [6]………………………………………………………………………………10 
Table 1-2 Fukushima Daiichi reactor specifications [11]…………………………………………………15 
Table 1-3 Severe accident codes characteristics [17]………………………………………………………23 
Table 2-1 RCIC Terry turbine schematics item list [7]………………………………………………………35 
Table 3-1 F1D2 plant specifications [11]…………………………………………………………………………59 
Table 3-2 F1D2 water injection to the core [11]………………………………………………………………62 
Table 3-3 Accident major event log [11]…………………………………………………………………………64 
Table 4-1 RCIC specification data [6]………………………………………………………………………………113 
Figure 4-2 Homologous curves configurations [34]…………………………………………………………123 
Table 5-1 RCIC specification sheet [6]…………………………………………………………………………..126 
 
 
 
 
 
1 
 
Abstract 
Due to the Great East Japan Earthquake centered off the coast of Sanriku, which occurred 
on March 11, 2011, Units 1 to 3 of Fukushima Daiichi Nuclear Power Station (NPS) 
experienced severe accidents that not only went significantly beyond design basis, but also 
exceeded the extent of multiple breakdowns assumed in the preparation for accident 
management measures. The accident has been a wakeup call for nuclear safety and all the 
data recorded during the accident have been analyzed in depth in several investigation 
reports gathered in the Information Portal for the Fukushima Daiichi Accident Analysis and 
Decommissioning Activities. 
Regarding Unit 2, investigation reports agreed that the accident progression was majorly 
conditioned by the RCIC (Reactor Core Isolation Coolant) system performance; The RCIC is 
initially designed to ensure that sufficient reactor water inventory is maintained in the 
vessel to permit adequate core cooling by providing a water makeup from either the CST 
(Condensate Storage Tank) or the suppression pool. This prevents the reactor fuel from 
overheating in the event that the reactor is isolated from the secondary plant. Usually,  a  
RCIC  trips  at  the  reactor  water  level  of  L-8  (TAF  +  5.65m)  to  prevent  steam 
containing water droplets from flowing into the turbine. Therefore, the reactor water level 
never rises to the water surface of the reference leg. However, in case of Fukushima 
accident, due to the loss of DC power and the 70 hour operation time recorded by TEPCO, 
it is assumed that the stop order never arrived creating a two-phase flow situation in the 
turbine. 
Another assumption made based on TEPCOs data is the flooding of the room surrounding 
the suppression chamber; the pressure increment in the drywell might be caused by an 
enhancement of the heat transfer caused by the presence of sea water outside the 
suppression chamber when the tsunami flood the room. 
Steam turbines like RCIC one are designed to work under a single phase steam flow. In 
case of wet steam (steam + water) the phenomenology is more complicated, thus there 
are additional effects that should be taken into consideration; for example, the effect of 
the differing velocities between both phases.  
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Due to the lack of data caused by the Station Blackout (SBO) severe codes have been used 
to predict accurately the accident progression; the RELAP/ScdapSIM is one of the severe 
accident codes developed by the U.S. Nuclear Regulatory Commission (NRC) to describe 
the overall reactor coolant system (RCS), fission product generation and transport, core 
damage evolution and thermal-hydraulic response in severe accident scenarios. 
The objective of this paper is focused on Fukushima Unit 2 analysis uncertainties 
originated from the RCIC operation which directly related with the RCIC turbine behavior. 
The most important analysis is based on the assumption that the turbine is 
underperformance due to the presence of water in the flow. A new model is developed 
with the consideration of two phase flow degradation. To quantify the moisture energy 
loss due to water Homogeneous Equilibrium Model (HEM) and Non-Homogeneous 
Equilibrium Model (NHEM) will be used, to set up a degradation coefficient (𝜂𝐻𝐸𝑀) 
(𝜂𝑁𝐻𝐸𝑀) by calculating the output power using the velocity triangles at critical flow 
condition and at different upstream flow qualities and comparing them with the single 
phase flow.  
The degradation coefficient has been applied to RELAP/ScdapSIM severe accident code in 
order to evaluate its effects on the turbine performance and resolve the problems to RCIC 
modeling which affect the Unit 2 accident analysis. Other phenomena are analyzed with 
RELAP/ScdapSIM these are the steam flashing phenomena; the sudden vaporization of the 
liquid into vapor due to quick expansion that drastically changes the flow quality and the 
flooding of the torus room.  
The simulations reproducing the F1D2 accident were performed by using a complete new-
brand RCIC nodalization being divided into open and close-loop configurations. For both 
configurations, the results show and verify the initial assumptions of constant RPV water 
level around the MSL height during the RCIC operation time. The main difference in the 
results during the first hours is due to the lack of pressure measurements which causes the 
open-loop configuration to lose some accuracy. 
The results also show the turbine power reduction suffered by the RCIC turbine due to the 
water presence in the flow, this causes a reduction in the water pumped back to the RPV 
leading to the constant RPV water level previously mentioned and causing that the only 
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reduction suffered in the S/C water level is due to the steam flow to the Drywell through 
the vacuum breakers. 
Regarding the flooding, the torus room flood greatly affected the S/C conditions but 
despite the relative large effect on the suppression chamber, the overall effect in the 
turbine, and consequently in the RCIC system, can be neglected. 
On the other hand, the steam flashing indeed caused an effect on the computed results in 
the turbine and eventually increasing the RPV water level and reducing the RPV pressure. 
Despite the differences, though, no major behavior discrepancies are appreciated in the 
RPV water level or pressure behaviors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: Fukushima accident, RCIC system, steam turbines, two-phase flow, 
Homogeneous Equilibrium Model, Non-Homogeneous Equilibrium Model, RELAP/ScdapSIM, 
homologous curves  
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Chapter 1 Introduction 
 
1.1- Boiler Water Reactor history 
The Boiler Water Reactor (BWR) is one of the most widely used reactors around the world. 
Classified as a light water reactor like the Pressurized Water Reactor (PWR) was initially 
developed by the Idaho National Laboratory (INL) and General Electric (GE) in the mid-
1950s. The reactor, as a difference to PWR, is designed to heat the water until boiling 
conditions generating steam inside the pressured vessel; the steam is then driven to a 
turbine in order to generate electricity. 
The initial concept of the BWR was developed in the decade of 50, slightly later than the 
PWR development, as collaboration between General Electric and several US national 
laboratories. The main impellors of the nuclear research in US were the 3 military services. 
The Navy seeing the opportunity to apply the results into military improvements for their 
vessels enhancing their operation time without refueling ordered Captain Hyman Rickover 
to lead their nuclear research program. Rickover  chose the option of  the PWR route for 
the Navy due to the advantages of the pressurized water in front of the boiler; some 
expert though that the boiling water reactor might be unstable due to the direct steam 
generator meanwhile the pressurized water would perfectly match the military 
specifications of efficiency and space. 
On the other hand, some researchers wanted to investigate deeper the truly effects of the 
steam generation instability will cause in the reactor performance and layout. During the 
early stages of investigation, a group of researchers prove the effect of steam generation 
inside the vessel by accidentally increase the power on an experimental reactor and 
observing their behavior. After this event Samuel Untermayer II from the Argonne 
National Laboratory proposed a set of experiments, the BORAX, to test the possibility to 
use the boiling water reactor to energy generating purposes stablishing the basis of the 
BWR. 
After the success of those tests, GE got involved and collaborated with INL to develop this 
technology and bring it to market. During the decades of 50’s and 60’s larger test were 
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carried out using early designs were only a fraction of the generated steam was driven 
directly to feed the turbine and including heat exchangers for the generation of secondary 
steam to drive separate parts of the turbines. Those early designs were eliminated during 
the BWR production. 
The current BWR characteristic features were set up during the development of the first 
generation of BWR; the torus room (used to heat down the reactor by extracting hot 
steam and injecting cold water), the drywell, the elimination of the initial heat exchangers, 
the addition of the steam dryer, the distinctive layout of the reactor and the 
standardization of the control and safety systems. Regarding the BWR, 6 major iterations 
were design by GE, BWR/1 trough BWR/6, and the vast majority of reactors currently in 
use belong to one of these design phases. 
 -1st generation: Includes mainly the BWR/1 with Mark I containment 
 -2nd generation: BWR/2 to BWR/5 with either Mark I/II containment. 
 -3rd generation: BWR/6 with Mark III containment. 
 
Figure 1-1 BWR development [1] 
Figure 1-1 shows the evolution of the GE BWR reactors from BWR/1 to BWR/6. The new 
generation reactors include the Advances BWR, Simplified BWR and the Economic 
Simplified BWR. 
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Figure 1-2 BWR core structure [2] 
Figure 1-2 shows a cutaway view of the BWR core structure similar to the ones 
corresponding to Fukushima Units 1-6 reactors 
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1.2- Containment 
Along with the evolution of the reactor design, the containment also suffered 
modifications. The nuclear power plant containment is mainly classified in one of the 
major containment designs; Mark I-II and III. Mark I is the specific containment of 
Fukushima Daiichi Unit 2 (F1D2) and it consists in a primary containment which its main 
elements are: [2] 
 The Drywell: it is the area surrounding the Reactor Pressure Vessel (PRV) and the 
main recirculation loops. It is mainly a steel vessel reinforced with concrete  
 The Wetwell: A huge steel made toroidal-shaped chamber located below the RPV 
and filled to about half of its height with water. It is also called the Suppression 
Chamber due to its function; cool down the hot steam from the RPV during some 
transients 
 Venting system: A network system of venting path connecting both Drywell and 
Wetwell. 
Figure 1-3 shows the Mark I containment cutaway view where the several elements can be 
clearly observed. 
Mark I containments also include a secondary containment which surrounds the primary 
containment (Drywell+Wetwell) and also houses the spent fuel pool and the Emergency 
Core Cooling System (ECCS). 
The containment is one of the safety layers of the Defense-in-depth, in conjunction with 
the cladding and the vessel/piping system, and its mainly functions are; condensate hot 
steam, hold the energy released during the postulated design-basis loss-of-coolant 
accident of any size so that offsite radiation doses specified in 10 CFR 100 are not 
exceeded, to provide a heat sink and water source for certain safety related equipment 
and protect the reactor from external hazards. It has to be able to maintain its integrity 
under the different loads caused by pressure, temperature and earthquakes 
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Figure 1-3 BWR Mark 1 containment [2] 
 
1.3- Safety Relief Valves (SRV) 
BWRs include several Safety Relief Valves (SRVs) in order to protect the primary system 
from over-pressurization (Figure 1-4). Each one with its own automatic opening and 
closing pressure setpoints being the closing pressure setpoint typically 50-100 psi (0.34 
MPa to 0.69 MPa) lower than the opening setpoint. The SRV are valves which high flow 
capacities and through each of them can pass up to 6.5% of the full power steam flow. 
They can be operated remote-manually by use of control air. At low reactor vessel 
pressure, the flow through the valves can become unchoked. The depressurization 
transients that each valve produces before dosing causes the two-phase region to swell 
considerably. This increase in the level swell provides much better cooling to the 
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previously uncovered regions of the core and also provides considerable steam flow, an 
important parameter influencing the zirconium/steam reaction. As a result it is 
undesirable, in a best estimate sense, to model SRVs as devices which only limit the upper 
pressure at which the primary system can exist. The core thermal-hydraulics is heavily 
influenced by the SRV cyclical nature of operation. [3] 
The open-close cycles at high temperatures may induce a failure of SRVs where the valve 
may seize in an open position resulting in the depressurization of the RPV, only in this case 
the blow down is directed to the suppression pool. According to the previous research, 
there is a possibility that the SRVs may lose its function and remain stuck open after 10 
cycles of valve opening and closing above 1000 K [4].  
 
Figure 1-4 SRV [5] 
 
1.4- Reactor Core Isolation Cooling system (RCIC system) 
The Reactor Core Isolation Cooling system is an auxiliary system used for safe shut down of 
the plan. The system main objective is to supply enough water inventory into the reactor 
in order to keep the water level inside the vessel constant and to permit an adequate 
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cooling of the core. It is not part of the ECCS neither has a LOCA function. The RCIC 
operation prevents the fuel from overheating causing the core melting. 
Figure 1-5 shows a simplified diagram of the RCIC. Once the main steam lines are isolated 
and the normal supply of water to the reactor vessel is lost a fraction of the generated 
steam created by the fission products (decay heat) is redirected in order to run the RCIC 
turbine. Then, the steam is driven into the suppression chamber (S/C) where is cooled 
down by the water mass. At the same time cold water in being pumped back by the RCIC 
pump into the reactor using the work generated by the RCIC steam turbine. The two 
sources of water are the Condensate Storage Tank (CST) and the S/C itself. 
The normal operation behavior of the RCIC system is a cyclic based operation; the system 
is usually activated either due to RPV lower water level or manually, then the action of the 
RCIC causes an increment in the RPV water level (increment caused by the steam/water 
mass flow rate unbalance observed in Table 1-1). The RCIC is usually stopped due to RPV 
high water level signal once the water level reaches L-8 (TAF + 5.65m) height to prevent 
steam containing water droplets from flowing into the turbine. As it would be described 
later, in F1D2 accident the trip off signal never arrived due to the station blackout and the 
RCIC worked unstopped for almost 70 hours.  
Table 1-1 RCIC specification data [6] 
 
 
This operation continues until the vessel pressure and temperature is reduced to the point 
that the residual heat removal (RHR) system can be placed into operation.  
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Figure 1-5 RCIC system diagram [2] 
The main elements of the RCIC system are: 
 Steam turbine: The RCIC system steam turbines are Dresser-Rand Terry-Turbodyne 
(Terry)  helical impulse turbines designed for constant capacity over varying ranges 
of inlet steam pressure, typically 110 psi (75 bar) to 85 psi (5.85 bar) at a wide 
range of velocities (4700rpm to 2000rpm). RCIC systems are standby systems being 
off in normal plant operation and only running during accident conditions or during 
routine testing causing the turbine to be able to quick-start form cold without pre-
warming or other operator option. [7] 
The RCIC turbine will be deeper described in Chapter 2 
 Suppression Chamber (S/C): Already described in the containment section (1.2), 
the S/C or Wetwell is a torus-shaped room of 30m of large diameter and 8m of 
small diameter. It has a major role in the RCIC acting as a heat sink for the hot 
steam coming from the RPV as well as a water source for the coolant make up. An 
important phenomenon that takes place inside the S/C is the thermal stratification. 
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The thermal stratification is the phenomenon caused by the injection of hot steam 
inside the cold water mass of the S/C; once the stem is injected it is driven 
upwards due to the density difference and being cool down in the process. That 
creates a high temperature region at the upper section of the water pool 
meanwhile the lower section remains cold. Figure 1-6 shows the temperature 
profile at different heights meanwhile Figure 1-7  show the S/C geometry. 
 Pump: The RCIC pump is a horizontal, single stage turbine driven pump capable to 
move around 93m3/h with a pump head of 850m [6]. Being a turbine driven pump 
makes its water pumping capability dependent on the turbine generated power. 
The RCIC pump will be deeper described in Chapter 4 
 Residual Heat Removal: The RHR is an auxiliary system which one of its functions is 
the suppression pool cooling. The RHR ensures that the temperature inside the S/C 
just at critical scenarios (blowdown or high reactor vessel gauge pressure) never 
exceeds the predetermined limit (generally 77oC). The water from the suppression 
chamber is pumped into a recirculation loops which include a heat exchanger 
where it is cooled down and returned to the S/C directly or via spray. The heat 
removed by the heat exchanger is transferred to the residual heat removal system 
service water. The S/C cooling function has to be activated manually. During the 
F1D2 accident, TEPCO reported the RHR was lost due to the station blackout.  
Figure 1-8 shows the layout of the S/C cooling function of the RHR. [8][9] 
 Vacuum breakers: The vacuum breakers are a set of valves located between the 
S/C and the Drywell have the function of equalize the pressure between them in 
case the steam generation in the S/C is higher than expected increasing the 
pressure out of control. They are triggered on once the pressure in difference is 
higher than 25psi. [8][9] 
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Figure 1-6 Suppression chamber thermal stratification 
 
 
Figure 1-7 Suppression chamber geometry  
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Figure 1-8 RHR suppression chamber cooling function layout [9] 
 
1.5- Fukushima accident outline 
On March 11, 2011, the Great East Japan Earthquake and the consequent tsunami affect 
several nuclear power plants around the country and triggered an extremely severe 
nuclear accident at the Fukushima Daiichi Nuclear Power Plant, which site map is displayed 
in Figure 1-9, owned and operated by the Tokyo Electric Power Company (TEPCO). Due to 
the final consequences this devastating accident was ultimately declared a Level 7 
(“Severe Accident”) by the International Nuclear Event Scale (INES). When the earthquake 
occurred three of the six reactors where operating meanwhile the rest where under 
stablish periodical inspections; that is, Unit 1, 2 and 3 of the Fukushima Daiichi plant was in 
normal operation at the rated electricity output according to its specifications and Units 4 
to 6 were undergoing periodical inspections. [10] Table 1-2 describes the unit main 
specifications overview. [11] 
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Table 1-2 Fukushima Daiichi reactor specifications [11] 
Unit Unit 1 Unit 2 Unit 3 Unit 4 Unit 5 Unit 6 
Reactor type BWR/3 BWR/4 BWR/4 BWR/4 BWR/4 BWR/5 
Containment Mark-1 Mark-1 Mark-1 Mark-1 Mark-1 Mark-2 
Electric power 460 MWe 784 MWe 784 MWe 784 MWe 784 MWe 1100 MWe 
Commissioned 
date 
26 March 
1971 
18 July 
1974 
27 March 
1976 
12 Oct. 
1978 
18 April 
1978 
24 Oct. 
1979 
Decommissioned 
date 
19 April 
2012 
19 April 
2012 
19 April 
2012 
19 April 
2012 
31 Jan. 
2014 
31 Jan. 
2014 
Status March 11 Operating Operating Operating Revision Revision Revision 
 
The emergency shut-down feature, or SCRAM, went into operation at Units 1, 2 and 3 
immediately after the commencement of the seismic activity. The seismic tremors 
damaged electricity transmission facilities between the TEPCO Shinfukushima Transformer 
Substations and the Fukushima Daiichi Nuclear Power Plant, resulting in a total loss of off-
site electricity. There was a back-up 66kV transmission line from the transmission network 
of Tohoku Electric Power Company, but the back-up line failed to feed Unit 1 via a metal-
clad type circuit (M/C) of Unit 1 due to mismatched sockets. 
When the tsunami caused by the earthquake arrived one hour later it was higher than 
expected, overwhelming the sea level barriers and flooding and totally destroying the 
emergency diesel generators, the seawater cooling pumps, the electric wiring system and 
the DC power supply for Units 1, 2 and 4, resulting in loss of all power—except for an 
external supply to Unit 6 from an air-cooled emergency diesel generator. In other words, 
Units 1, 2 and 4 lost all power; Unit 3 lost all AC power, and later lost DC before dawn of 
March 13, 2012. Unit 5 lost all AC power. The tsunami did not damage only the power 
supply but also destroyed or washed away vehicles, heavy machinery, oil tanks, and gravel 
along with destroyed buildings, equipment installations and other machinery. Seawater 
from the tsunami inundated the entire building area and even reached the extremely high 
pressure operating sections of Units 3 and 4, and a supplemental operation common 
facility (Common Pool Building). After the water retreated, debris from the flooding was 
scattered all over the plant site, hindering movement and delaying the power backup and 
water injection operations. Manhole and ditch covers had disappeared, leaving gaping 
holes in the ground. In addition, the earthquake lifted, sank, and collapsed building 
interiors and pathways, and access to and within the plant site became extremely difficult. 
16 
 
Recovery tasks were further interrupted as workers reacted to the intermittent and 
significant aftershocks and tsunami.  
The station blackout led to the sudden loss any control equipment such as scales, meters 
and the control functions in the central control room. Lighting and communications were 
also affected making the communication between the personnel extremely difficult. All 
this events force the personnel to make critical decisions on spot without any kind of 
references or manuals making it very difficult to effectively cool down the reactors in a 
timely manner. Generally, cooling the reactors and observing the results were heavily 
dependent on electricity due to the auxiliary systems used for high-pressure water 
injection, depressurizing the reactor, low pressure water injection, the cooling and 
depressurizing of the reactor containers and removal of decay heat at the final heat-sink. 
During the accident, however, the staff had almost no way to check the effect of their 
decisions into the reactor behavior. The lack of access, as previously mentioned, 
obstructed the delivery of necessities such as alternative water injection using fire trucks, 
the recovery of electricity supply, the line configuration of the vent and its intermittent 
operation.  
 
Figure 1-9 Fukushima Daiichi site map [10] 
 
17 
 
1.6- Simulation codes 
After the TMI2 accident in 1979 the development of computer codes for simulation of 
severe accidents (SA) scenarios suffered a huge acceleration, starting in the United States 
and then spread progressively in the 1980s in Europe and Japan. The SA codes can be 
divided into three major categories, depending on their scope of application: integral 
codes, detailed codes, and dedicated codes [12]. 
 Integral codes (also called engineering-level codes): These codes have the larger 
scope of application, and they are used to simulate the overall nuclear power plant 
response, that is, the response of the reactor coolant system, the containment, 
and, most important, the source term to the environment, using ―integrated‖ 
models for a self-consistent analysis of the accident [12]. They include a 
combination of phenomenological and parametric models for the simulation of the 
relevant phenomena. The principal internationally used codes today are MAAP, 
MELCOR, and ASTEC. 
 Detailed codes (also called mechanistic codes): They are characterized by best-
estimate phenomenological models, consistent with the state of the art, to enable, 
as far as possible, an accurate simulation of the behavior of an NPP in the event of 
SA. In order to better illustrate the differences with the approach of integral codes, 
in most cases, a numerical solution is found for integral-differential equations, 
while in integral codes some correlations may be used [12]. 
 Dedicated codes: The scope of these codes is centered on the simulation of a 
single phenomenon. They have become important in the context of the 
requirements that regulatory authorities take into account SAs in the design of 
new NPPs and that the uncertainties of risk-relevant phenomena be reduced [12]. 
MELCOR, RELAP/Scdap, MAAP are three of the most used computer codes developed in 
the U.S. that are being widely used for the integral analysis of core melt accident 
progression and the resultant lower head response expected at the reactor lower plenum: 
MELCOR and RELAP/Scdap were initially developed by NRC meanwhile MAAP is an 
industrial code [13]. The main difference between them is that RELAP5/ScdapSIM  can only 
model the in-vessel phase of the SA, while MAAP4 is capable to calculate processes in the 
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containment following the release of water, non-condensable gases, and corium from the 
primary circuit [12]. 
Table 1-3 displays a summary of the three codes with their main features and differences 
 
1.6.1- MAAP 
The Modular Accident Analysis Program (MAAP) is an integral severe accident code initially 
developed by Fauske and Associates (FAI) in the early 80s as a part of the Industry 
Degraded Code Rulemaking (IDCOR) project, which was funded by EPRI. The programs 
principal goal was to satisfy the needs of a reliable tool for use in developing physical 
studies and providing the severe accident consequences for conducting Probabilistic Risk 
Assessment/Probabilistic Safety Assessment (PRA/PSA) studies. [13] 
MAAP code has been evolving since its early versions and now, the current version of the 
code, MAAP4, can simulate the response of light water reactor NPP, even if it is based on 
advanced light water reactor designs (ALWR), in a wide range of accident sequences, 
independent of the initial conditions of the installation; full power or shutdown conditions. 
There are two different versions of the code, one used for BWR and another used for PWR 
(also exists other versions for less used reactors such as CANDU or VVER) 
MAAP4 functional modeling is particularly adapted to investigate the impact of operator 
actions taken as part of accident management on the progression of sequences. MAAP4 
can be used for the PSA level 2 studies supporting the elaboration of SAM procedures and 
for the design of mitigation systems. 
The last version of the code released by FAI (MAAP4.0.7) was released in January 2008. It 
includes several major models developed to support EPR design. The models are listed 
below. 
 Modeling of boron carbide thermal-chemistry (degradation, oxidation, and melting 
of B4C). 
 Modeling  of  core  heavy  reflector,  including  thermal  attack,  penetration  by 
molten material, and corium draining down the side of the core barrel. 
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 Modeling  of  core  heavy  reflector,  including  thermal  attack,  penetration  by 
molten material, and corium draining down the side of the core barrel. 
 Improvement of energy transfer from core debris to vessel and concrete during 
accumulation of corium in the reactor pit. 
 Discharge  of  corium  in  the  spreading  compartment  after  breach  of  the  melt 
plug. 
 Diversity of floor and wall configurations in the reactor pit and spreading area, 
including concrete composition and heat removal from the bottom of the 
structural heat sinks. 
 Modeling of AREVA NP PARs. 
 Improvement of the pressurizer relief tank rupture and pressurizer breaks. 
 
1.6.2- RELAP/ScdapSIM 
The RELAP/ScdapSIM is one of the severe accident codes developed by the U.S. Nuclear 
Regulatory Commission (NRC) to describe the overall reactor coolant system (RCS), fission 
product generation and transport, core damage evolution and thermal-hydraulic response 
in severe accident scenarios.[14]  
The code was initially developed at the Idaho National Laboratory (INL) under the 
sponsorship of the Office of Nuclear Regulatory Research of the NRC as a part of the 
international Scdap development and training program (SDTP). 
The two primary modules of RELAP/Sdap severe accident code are the RELAP5 module, 
acronym for Reactor Excursion and Leak Analysis Program, and the Scdap module, 
acronym for Severe Core Damage Analysis Package. The RELAP5 part takes care of the 
overall RCS thermal-hydraulics, reactor kinetics, non-condensable gases transport and the 
control system interactions calculations. It is based on a two-fluid model solved either by a 
semi-implicit or nearly-implicit numerical processes to allow economical calculations of 
system transients with unequal temperatures and velocities of the different phases. 
On the other hand, the Scdap module is related to the core behavior during a severe 
accident. The module includes calculations for the fuel rod heat-up, deformation and 
rupture, oxidation, fission product generation and transport, Zirconium-Uranium 
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interactions, flow and freezing of molten fuel and cladding, and debris formation 
processes. 
The followings are some of the modeling strengths of the code: 
 An integral diffusion method to calculate oxygen and hydrogen uptake accounting 
in mechanistic manner for steam starvation and rapid changes in temperature. 
 Calculation of the relocation in the circumferential direction of melted metallic 
cladding retained by the oxide portion of cladding. 
 Calculation of the re-slumping of cladding that previously slumped and froze. 
 Calculation of heat transfer in porous debris using correlations specific to porous 
debris. 
 Calculation of flow losses in porous debris locations based on Darcy's Law and 
applying relative permeabilities and possibilities based on local debris conditions 
and volume fractions of the liquid and vapor phases of the coolant. 
 Calculation of oxidation of both intact and slumped cladding under reflood 
conditions. 
 Calculation of the heat up of the lower core structures and its interaction with 
slumping core material 
 Calculation of the behavior of jets of core material penetrating into a pool of water. 
 Calculation of the permeation of melted core plate material into porous debris in 
the lower head of reactor vessel and effect of this permeation on lower head heat 
up, and melting pools. 
 Calculation of the permeation of melted core plate material into porous debris in 
the lower head of reactor vessel and effect of this permeation on lower head heat 
up, and melting pools. 
 Calculation of heat up of lower head containing melted core material and 
accounting for whether the melted material is well-mixed or stratified into oxidic 
and metallic pools. 
 A semi-mechanistic stress-based model instead of a wholly empirical model for 
failure of the oxide portion of cladding retaining melted metallic cladding, and 
more simplistic but accurate models for calculating position, configuration, and 
oxidation of melted fuel rod cladding that slumped to a lower location and froze. 
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The INEEL version is currently a frozen version and it would not receive any further update 
by the NRC, currently is only used at PSI for various analyses. The ScdapSIM version 
however, which initially is based on the NRC version is being maintained and in constant 
development. SCDAPSIM in parallel to the NRC version is in use. 
 
1.6.3- MELCOR 
MELCOR is a severe accident code developed by Sandia National Laboratory (SNL) in 1982 
at it has been updated to several versions since then. It is a state-of-the-art computer code, 
which enables to simulate the severe accident progression postulated for light water 
reactors. The development has been almost entirely funded by the USNRC and its 
development has been strongly influenced by the participation of several international 
NRC partners through the USNRC’s Severe Accident Cooperative Research Program 
(CSARP). 
MELCOR is used in institutes around the world for analyses mainly focused on the BWR 
and PWR, despite its capability to be applied to other reactors and non-reactor facilities or 
scenarios (spent fuel pools, active handling areas and so on). 
MELCOR validation has been the hot topic of numerous studies at all levels; process, 
component, subsystem and whole-plant due to the wide range of phenomena covered. 
Those studies made MELCOR better, making it the capability to reproduce with accuracy 
the evolution of bundle temperatures (with the use of four thermocouples). The 
discrepancies on the maximum rod temperatures are about 100 to 200K; underestimation 
on the first peak after the oxidation runaway, and overestimation in the next phase of 
bundle degradation. 
MELCOR latest version, 1.8.6, includes models for silver release and in-vessel melt pool 
evolution [15].The latter capability makes it possible to perform realistic estimates of 
lower head failure and to solve issues such as the focusing effect  of metallic layers on  
heat  transfer  from  corium  in  the  lower  head  to  the  vessel  walls  and  in-vessel 
retention  by  external  cooling  of  the  vessel. 
In order to achieve a more complete and consistent account of the in-vessel behavior, the 
treatment of the vessel structures should be extended. A further generalization pf the core 
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material models may be necessary to simulate the inter-component interactions, as 
concluded in the Phebus experiments FPT4, which showed the strong effect that the B4C 
control rod has on the degradation in the surrounding fuel rods. The treatment of the B4C 
oxidation of gas-phase chemistry can furnish the conditions of organic iodine formation in 
the circuit. To solve that, an improved model is under development for Zircaloy cladding 
oxidation in air or steam-air mixtures, which is essential for its effect on the certain fission 
product volatility. Regarding the error of MELCOR prediction, despite it is challenging to 
assess the prediction error of the calculation results, the code includes a bunch of 
correlations and empirical models to simulate the severe accident. [16] 
The initial applications were centered on broad source term evaluation and PSA support, 
but, with the time, they have been extended to new areas such as accident management, 
mitigation, spent fuel issues, and operation training. The original simple treatments that 
were adequate for scoping and bounding calculations are being substituted by more 
physically based models. Among the questions being addressed now are whether to use 
igniters  or  passive  autocatalytic  recombiners  for  hydrogen  control,  and  whether  to 
inject available water within the vessel or  flood the cavity. 
The code has been improved to be able to simulate new scenarios 
 Accidents in glove box facilities 
 Accidents in reactor auxiliary buildings 
 Accidents in nuclear warhead disassembly facilities 
 Assessments of fire in nonnuclear buildings 
This wider range of applications forces an improvement in the detail level and fidelity in 
representing physical processes. Models with more detailed nodalizations are now used to 
resolve certain issues such as the effect of natural circulation in the vessel on core damage 
progression, the effect of countercurrent flow in hot legs and steam generator pipe 
rupture. These extensions are consequently with the model developments previously 
mentioned.  
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Table 1-3 Severe accident codes characteristics [17] 
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Table 1-3 Severe accident codes characteristics (cont.) [17] 
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1.7- Severe accident management 
The Severe Accident Management (SAM) birth was after the Chernobyl and TMI accidents 
when the community realized the effect of the dynamic losses in the containment that can 
caused its failure, SAM can be defined as the use of existing and alternative resources, 
systems and actions to arrest and terminate accidents that exceed the design basis of a 
nuclear power plant. [12] 
In addition, a severe accident is defined as a Beyond Design Basis Accident (BDBA), an 
accident that excess the design basis concerning initiating events or number of failures [], 
with significant coder degradation.[18] 
Under these conditions, the principal objectives of severe accident management are as 
follows: 
 Terminate core degradation 
 Ensure containment integrity 
 Mitigate radiological releases 
And generally, accident management actions should include [19] 
 Establish and maintain reactivity control 
 Ensure availability of a heat sink for the heat generated in the core 
 Depressurize the primary heat transport system 
 Maintain coolant inventory in the primary heat transport system 
 Control pressure and water inventory in steam generators (for PWR) 
 Ensure containment isolation 
 Control the containment pressure and temperature 
 Control the concentration of flammable gases 
 Control radioactive releases 
The Severe Accident Management Guidance (SAMG) are a written decision guidance 
documents designed to support the Emergency Response Organization (ERO), and 
specially the decision-making part of the ERO, the emergency Response Team (ERT), 
during severe accidents in order to achieve the objectives listed above. 
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SAMGs are not only a written decision-making guidance; they also include other helpful 
tools, such as calculational guidance and computer simulation models to support that 
decision-making. In many EROs, a SAMG Group reporting to the ERT typically uses these 
tools.  Finally, the SAMG includes procedures for implementing the SAM measures. 
SAMG  provides  a  structured  guidance  to  identify  the  appropriate  strategy  and 
subsequent  actions  needed  to  stabilize  and  return  the  plant  to  a  controlled  stable 
condition  against  a  severe  accident  condition.  In the standpoint of successful severe 
accident mitigation strategies, they necessitate effective operator actions established 
through validated analysis and practice. In particular, successful operator actions may 
delay or prevent RPV and containment building failures [12]. 
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1.8- Objectives 
The study is principally focused on the two-phase flow RCIC turbine behavior and how it 
affected to the overall RCIC system performance during the F1D2 accident. Both, 
numerical and simulation analyses are done to explain how the RCIC turbine was capable 
to work during 70h beyond its basis design parameters allowing the RCIC system to delay 
the core degradation 
 
The objectives are summarized below: 
 Analyze the Fukushima Daiichi Unit 2 accident progression focused on the RCIC 
system performance 
 Analyze the RCIC turbine behavior under two-phase flow 
o Numerical analysis based on the data recorded by TEPCO 
o Computational analysis using RELAP/ScdapSIM 
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Chapter 2 Steam turbine design 
Steam turbines are an indispensable element in the energy generation facilities such as the 
nuclear power plants. A steam turbine might be described as a kind of heat engine in 
which the energy of the fluid is first converted into kinetic energy by means of expansion 
through the nozzles, and then transformed into force doing work when the fluid impacts 
the rotating blades of each stage. [20] [21] 
The usual steam turbines consists of four principal elements: the rotor which carries the 
blades of buckets; the stator consisting basically in the cylinder and casing, which are 
usually combined and within the rotor is placed; the nozzles or flow passages which are 
usually fixed inside the cylinder; and the frame or base used to support both, the stator 
and rotor. 
The previous elements are generally supported by accessories necessary for the successful 
commercial operation such as the governing system for adjusting the energy supply to the 
turbine to suit the load and for maintaining constant speed, the lubricating system, piping 
for steam supply and exhaust and a condensing system. 
The steam turbines can be classified based in several criterions depending on their 
features [20] 
 Form of blade passages 
 General arrangement of the flow 
 Steam flow direction relative to plane of rotation 
 Repetition of steam flow through blades 
 Rotational speed 
 Relative motion of rotor 
 Steam and exhaust conditions 
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2.1- RCIC steam turbine 
The RCIC system is an auxiliary system which only enters into operation during accident 
transients or routine testing. Under these conditions, the RCIC turbines require to be able 
to quick-start from cold conditions with no pre-warming or other operator action. 
The RCIC turbine is a Terry turbine model, which schematics are shown in Figure 2-1 and 
Figure 2-2. Following the previous classifications for steam turbine, the RCIC turbine can 
be classified as an impulse, single-flow, axial, with reentry, single-motion and back 
pressure turbine presenting some advantages due its features. [7] 
 Rugged one-piece wheel construction 
 Good resistance to degraded steam conditions 
 Minimal axial thrust steam loads under all operation conditions 
 Suitability for required cold, quick-start transients 
Steam enters the RCIC turbines through a single governor valve. Steam is then directed 
into an individual high-pressure steam ring, which is an integral part of the turbine casing. 
Expanding nozzles then direct the steam tangential into the turbine’s solid-wheel buckets 
where its direction is reversed 180°. Reversing chambers, located at each nozzle, cause 
the steam to re-enter the turbine wheel several times, thereby utilizing most of the 
steam’s available energy. 
All Terry RCIC applications use a solid wheel design of 610mm in a G turbine frame size. 
The frame can be divided in GS-1 or GS-2 models indicating lower-half steam admission 
only (GS-1) or both upper- and lower-half admission (GS-2) depending on the output 
requirements of the application; power, rotating speed and the specific operating steam 
conditions. [7] 
The turbine is designed based on the pressure conditions in the RPV; mainly three 
pressures are associated with RCIC systems 
 The maximum pressure which is the required design pressure of the inlet 
components of the turbines and is only reached under severe accident transients. 
Its values is around 8.6MPa 
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 The normal pressure is the steam pressure available at the turbine under normal 
operating conditions with a range from 6.2 to 8.1MPa 
 The low pressure is used for the thermodynamic design of the turbine. 
Corresponds to the lowest pressure and is typically around 0.58 to 1MPa 
As mentioned, the low pressure is used for thermodynamic design. Typically, the power at 
that inlet conditions determines the necessary steam flow capability and, consequently, 
the governor valve size, the number and size of the nozzles and the frame size. [7] 
The low-pressure design criterion yields a design with a considerable excess steam flow 
capability, an consequently a excess of power, at high pressure conditions causing an 
extreme acceleration during startup and resulting in the RCIC turbine governor valve to 
operate nearly closed (20% of the full area or less). 
These turbines also operate a wide range of rotational speed. Their design bases for low-
speed operation is usually fixed around 2000-2500rpm while the values for high-speed are 
around 4000-4700rpm. These requirements are coupled with the additional request of, 
cold, quick-start capability with the rated flow within 30 to 90 seconds. [7]  
For the required quick-start control, a Woodward EG-type control system configuration is 
used. This configuration, when properly installed, calibrated and maintained, allows 
controlling the required quick-start transients on the turbine, as well as the steady-state. 
It is important that the control system would be able to sense turbine speed below 
1000rpm and to limit its maximum speed to avoid overspeed transients. In the case of 
control system failure, the turbine is usually provided with an overspeed trip protection 
set up at velocity around 10% to 25% above the normal maximum velocity. 
The most common issues related the steam supply are related with the presence of water 
in the flow. Due its characteristics, the Terry turbine can generally handle of receiving 
water carryover from the RPV without sustaining damage. However, experience has 
demonstrated that transients under two-phase flow can result in loss of system 
operability due to control system problems and turbine overspeed trips. 
 The most common scenario is when the water starts to move through the turbine 
decreasing the output power, and then the control system opens further the governor 
valve. This procedure causes an overspeed once the water has passes and pure steam 
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passes again through the turbine. An alternative scenario is caused by the steam flashing 
of the water due to the pressure drop causing an increment of speed. [7] 
The RCIC system suppose a containment penetration which connects the RPV and the S/C 
so several valves have to be added in the RCIC supply and exhaust lines. Two isolation 
valves are added to the supply line, one inboard and one outboard the primary 
containment, with appropriate automatic closing signals. Analogously, isolation valves are 
also added to the exhaust line. 
As noted in the RCIC diagrams, the exhaust line of the RCIC turbine discharge under water. 
During turbine operation, the temperature in the discharge area is increased due to the 
steam injection. This causes, during the turbine shutdown and consequent coldown, 
vacuum formation drawing water into the exhaust line. This condition has the potential 
for a water hammer cycle against the valves which is increased as the height between the 
injection point and the S/C water level is decreases. To avoid that, vacuum breakers are 
added to protect the valves. In addition to the vacuum breakers, most BWR RCIC turbine 
exhaust lines have been provided with underwater condensing spargers, to further 
stabilize the turbine exhaust pressure during system operation. 
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Figure 2-1 RCIC Terry turbine schematics 1 [7] 
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Figure 2-2 RCIC Terry turbine schematics 2 [7] 
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The elements of the turbine described in Figure 2-1 and 2-2 are listed below [7] 
Table 2-1 RCIC Terry turbine schematics item list [7] 
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In order to be able to analyze the turbine response under two-phase flow and develop a 
turbine degradation coefficient it is mandatory to know some of the geometric 
parameters of the RCIC turbine. These parameters, the nozzle area (Acr) and the 
inlet/outlet angles (𝛼, 𝛿) of the blade, are estimated (since the real values are not 
available) based on the nozzle and blade design equations assuming the same single 
phase conditions described in Table 1-1. 
 
2.1.1- Nozzle design 
As explained early in this chapter, the turbine first uses the nozzles to extract the largest 
amount of steam energy into kinetic energy evidenced by the high velocity of the issuing 
jet. By steam available energy is meant the maximum work which a perfect steam engine 
could produce when receiving steam at nozzle inlet conditions; pressure, velocity an 
temperature and discharging it at nozzle outlet pressure. 
In order to describe the fundamental equation of the energy transformation suffered in 
the nozzle relating the change of state of the steam passing through the nozzle to the 
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kinetic energy at the exit, assume that frictionless adiabatic flow is moving from and 
infinite reservoir R through a large cylindrical pipe A into a smaller pipe B as shown in 
Figure 2-3. 
 
Figure 2-3 Principle of fluid expansion in nozzle [20] 
The reservoir conditions are designated by the subscript 0, the pipe A by o and the pipe B 
by 1. If frictionless pistons are imaged in each cylinder such as described in Figure 2-3, it is 
logic that the piston in A will exert a specific pressure po on the steam in front of it 
generating a work for each kg of steam as described in equation 2.1 
𝐸𝑜 = 𝑝𝑜𝑣𝑜  [𝐽 𝑘𝑔⁄ ]                                                                      (2.1) 
Where 
𝐸𝑜: Is the external work generated by the pressure. [J/kg] 
𝑝𝑜: Is the pressure. [Pa] 
𝑣𝑜: Is the specific volume of the steam. [m
3/kg] 
Analogously, the piston in B will exert a similar work. If the steam internal and kinetic 
energies are also considered, the energy conservation equation in the expansion suffered 
by the steam from pipe A to pipe B is for a steady flow 
Internal energy0 + external worko + kinetic energy0 = internal energy1 + external work1 + 
kinetic energy1                                  (2.2) 
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Rearranging the equation terms and substituting, equation 2.2 becomes 
ℎ𝑜 +
𝑉𝑜
2
2
= ℎ1 +
𝑉1
2
2
                                                                      (2.3) 
 Where: 
𝑉𝑜: Is the steam velocity at A. [m/s] 
𝑉1: Is the steam velocity at B. [m/s] 
ℎ𝑜 − ℎ1 = ∆ℎ𝑠: Is the available energy, or isentropic decrease of enthalpy. [J/kg] 
Analogously, the equation between reservoir (point 0) and A (point o) will be the same as 
equation 2.3, with the difference than the velocity in the reservoir is zero (V0 = 0) since the 
fluid is at rest. 
Now imagine the real nozzle in the RCIC turbine. It causes an expansion of the steam flow 
(m1) between an upstream pressure (0) and downstream pressure (1) as described in 
Figure 2-4. The convergent nozzles such as the ones used in the RCIC turbine are usually 
design to achieve critical conditions on the exit creating a chocking plane. 
The chocking effect on a system is generally defined as the maximum mass flow rate as a 
function of downstream pressure and it has been widely studied. [20][22] 
 
 
Figure 2-4 Convergent nozzle schematic  
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Reducing de downstream pressure (p1) promotes the flow of fluid through the nozzle at a 
rate which increases with pressure drop until the velocity at some point in the connector 
achieves the local sonic velocity forming a chocked plane at that location. The pressure at 
that plane is known as critical pressure pc and corresponds where the area is minimum 
(Acr). The ratio between the critical pressure pc and the upstream pressure p0 for single 
phase flow, called the critical pressure ratio (pc/p0), can be deduced from the ideal gas 
equation and it is different for each gas. For saturated steam, the critical pressure is 
usually given by equation 2.4 
𝑝1 = 𝑝𝑐𝑟 = 0.577𝑝0 [𝑃𝑎]                                                          (2.4) 
At critical point, the critical mass flow rate (mcr) and the critical area (Acr) are related by 
the ideal gas equation rearranged into equation 2.5. [20][22] 
?̇?𝑐𝑟 = 𝐴𝑐𝑟 ∗ √𝑛 ∗ 𝑝0 ∗ 𝜌0 ∗ (
2
𝑛 + 1
)
𝑛+1
2∗(𝑛−1)
 [𝑘𝑔 𝑠⁄ ]                                 (2.5) 
 
Where 
𝑝0: Is the pressure upstream. [Pa] 
𝜌0: Is the steam density upstream. [kg/m
3] 
𝑛: Is the specific heat. For saturated steam = 1.135 
Applying the mass conservation, mcr = m1 and it is equal to the steam mass flow rate that 
appears in the RCIC specific sheet summarized in Table 1-1 
Using equations 2.4 and 2.5, the nozzle area and the fluid velocity at the nozzle exit can be 
calculated. 
 
2.1.2- Blade design 
The blades form part of the rotor and are the elements used to convert the kinetic energy 
generated by the nozzle into work due its interaction with the fluid. The work generated 
depends on the blade geometry. 
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Assume a frictionless blade that modifies the flow direction by 180o and left the fluid with 
no velocity at the exit such as the geometry described in Figure 2-5. This configuration 
represents the greatest conversion achievable of kinetic energy of the entering flow into 
blade work [20]. 
Using Figure 2-5 a general relationship between the blade velocity and the inlet flow velocity 
can be developed allowing to design the blade which provide the maximum energy conversion, 
or, in other words, the maximum efficiency. [20] 
 
Figure 2-5 Principle of blade design [20] 
Where 
V1 / V2: Are the inlet/outlet absolute flow velocities. [m/s] 
W1 / W2: Are the inlet/outlet relative flow velocities respect the blade. [m/s] 
Vb: Is the velocity of the blade. [m/s] 
Since the blade is frictionless W1=-W2. In addition, the outlet absolute flow velocity is 
assumed to be zero (V2 = 0). Then the relationship between the inlet velocity and the 
blade velocity is expressed by equation 2.6. 
1 2 1 2 2 bV V W W V     → 1 2 bV V                                                   (2.6) 
The angle between the inlet velocity and the blade velocity is called the nozzle angle (𝛼), 
which in Figure 2-5 is equal to zero. In a real turbine, due to physical constraints, the nozzle 
angle must be greater than zero but not so great as to cause an appreciable loss in efficiency.  
Nor should the angle be so small as to cause an excessively long nozzle that would increase 
friction and decrease efficiency. 
Then, equation 2.6 becomes 
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1 cos 2 bV V   [m/s]                                                                       (2.7) 
Equation 2.7 describes the theoretical value of V1, the actual values is usually increased 
around 10% of the theoretical values due to disk friction and fanning losses [20] 
Once the inlet flow velocity, the nozzle angle and the blade velocity are calculated the 
velocity triangles can be developed. Figure 2-6 shows generic velocity triangles for inlet 
and outlet conditions. The velocity triangles are a useful tool to determine the change in 
absolute tangential velocity and calculate the shaft work. 
 
Figure 2-6 Generic velocity triangle diagram  
The entrance velocity triangle consists of a horizontal line representing the tangential 
direction.  Then we construct a vector representing V1 at angle  , after which the entering 
triangle using the vector relation between the velocities. The angle between the relative 
velocity and the tangential direction is designated .. 
The exit velocity triangle is somehow developed using the same principle, draw W2  at 
angle   to the previous tangent which values is found by multiplying W1 by the velocity 
coefficient, kb, which accounts for friction and turbulence.   
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The velocity coefficient is a function of the total change of direction of the steam in the 
blade  180      ; the blade width to radius ratio; and the relative velocity and density 
at blade entrance.  Due to the lack of data regarding the RCIC turbine for the design, the 
following empirical formula described in equation 2.8 is used. [20] 
 
1/ 2
5
10.892 6.00 10bk x W
                                                             (2.8) 
The following formulas are just a numerical description of the velocity triangles by using the 
basic trigonometrical rules. 
 1 1 cosV V        2 1bW k W  
 1 1 1 sina aV W V             2 2 sinaV W   
 1 1 bW V V         2 2 cosW W                   (2.9) 
 
2 2
1 1 1aW W W                                                           2 2bV V W     
 1 1
1
tan a
W
W
                                                                         2 22 2 2aV V V          
With equation 2.7 and the trigonometric formulas gathered in equation 2.9, the nozzle 
angle (𝛼) and the exit angle (𝛿) can be calculated. 
 
2.2- RCIC steam turbine degradation coefficient calculation 
As mention in Chapter 1, the RCIC system is designed to ensure that sufficient reactor 
water inventory is maintained in the vessel to permit adequate core cooling by providing a 
water makeup from either the CST or the S/C. This prevents the reactor fuel from 
overheating in the event that the reactor is isolated from the secondary plant. Usually,  a  
RCIC  trips  at  the  reactor  water  level  of  L-8  (TAF  +  5.65m)  to  prevent  steam 
containing water droplets from flowing into the turbine. Therefore, the reactor water level 
never rises to the water surface of the reference leg. However, in case of Fukushima 
accident, due to the loss of DC power and the 70 hour operation time recorded by TEPCO 
[11], it is assumed that the stop order never arrived creating a two-phase flow situation in 
the turbine. 
43 
 
Steam turbines like RCIC one are designed to work under a single phase steam flow. In 
case of wet steam (steam + water) the phenomenology is more complicated, thus there 
are additional effects that should be taken into consideration; for example, the effect of 
the differing velocities between both phases. Soderberg (1933) analyzed the moisture 
losses in different turbines and proved the reduction of the velocity of the moisture 
compared with the single phase. 
In a normal steam turbine, the blade angles have been designed to fit the steam velocity 
vector. Water, even assuming a correct inlet angle, due to its properties would easily 
adhere to the blades, moving outward toward the tips on account of centrifugal force. 
Since this phenomenon takes place over the entire blade it will lead to a larger moisture 
concentration being incremented at each successive stage.  
Although some water would be trapped by the called water catchers, the rest of the water 
will lose almost all its kinetic energy leading to a reduced energy of the moisture. The 
water presence not only reduces the turbine efficiency due to the reduction in the 
moisture energy but also poses a danger of intense to the turbine’s steam path. The water 
erosion in the turbine is accompanied with the corrosion process due to the impurities 
such as chlorides and sulfates on the working fluid. These impurities present in the water 
are also adhered to the blade causing zones of high concentration of corrosive elements. [] 
Several analysis have been done regarding the RCIC performance during Fukushima Unit 2; 
TEPCO [11][23] and the Institute of Applied Energy (IAE) [24] stated the incongruence 
between the simulation results and the onsite measured data. 
In their analysis, TEPCO [23] fail to reproduce the reactor pressure vessel (RPV) pressure 
due to the difficult to quantitatively evaluate the water injection capability of RCIC in a 
two-phase flow scenario. For their results they assumed that the water injection flow was 
smaller than the rated flow due to a lower rotational speed and they simply fixed the flow 
rate of RCIC to 30 m3/h, which is about one-third of the rated flow rate of 95 m3/h. 
IAE [24] also assumed degradation in the turbine due to water presence. They used an 
iteration process based on a numerical analysis of the RCIC system to fit their simulation 
results to the TEPCO data obtaining a reduction factor for the turbine as a function of the 
void fraction of the flow. 
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2.2.1- Critical flow model description  
The idea behind the theory of the critical flow is quite simple. Assuming a system, such as 
a BWR RPV, containing fluid and connected to a receiver, such the suppression chamber 
(which is at lower pressure and temperature), via a flow path. 
The pressure expansion suffered by the fluid due to upstream (RPV) and downstream (S/C) 
pressure conditions will increase the flow rate between them until a maximum value is 
achieved, at this point, a further increment of the pressure different will not affect the 
flow rate of the fluid which is critical. In critical conditions, the flow rate is independent of 
the downstream conditions and this lack of influence can be explained by mechanisms, 
such as the formation of perturbation in the flow. [25][26] 
The critical flow of a single-phase ideal gas has already been discussed earlier in this 
chapter. It usually happens when the Mach number is equal to one at the smallest cross-
section [22] 
On the other hand, the critical flow in two-phase flow is a more complicated phenomenon. 
The influence of nucleation, heat, mass and momentum transfer as well as the evolution 
of the flow pattern are comparable with the period spent by the fluid in critical conditions. 
Although it can be possible to define mathematically the critical conditions at one specific 
location, an entire area, which can include sections of the upstream region, plays a major 
role determining how this condition is approached. [27] 
Two-phase flow critical models are usually divided into the following three categories. 
 Analytic models. 
 Fitted functions. 
 Numerical solution of the conservation equations. 
 
2.2.2- Homogeneous Equilibrium Model 
The HEM (Homogeneous Equilibrium Model), Henry and Fauske (1971)[28], is based on 
the assumption of isentropic and equilibrium flow. In this model, the two-phase flow 
mixture is treated as a pseudo-fluid which can be described by the same single phase 
equations. In this pseudo-fluid, both phases are in perfect equilibrium having the same 
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velocities and temperatures; properties such as enthalpy, entropy and quality can be 
obtained by using the general Steam tables. [25-27] 
HEM has been the basis of several severe accident codes, like the early versions of 
RELAP/Scdap, for LOCA analysis involving two-phase flow fluids. 
Despite HEM has a good average accuracy predicting the critical flux, it has some flaws 
that have to be considered.  
 It loses accuracy in short pipes where the fluid does not have enough time to reach 
the equilibrium between both phases. 
 It loses accuracy when the pseudo-fluid is representing a low quality mixture. One 
of the assumptions of the Hem is that both phases have the same velocities. 
Although it can be true at high quality flow rates where the small water droplets 
can be easily carried by the steam flow it is not true when the water phase 
becomes larger. 
To calculate the critical mass flux at a given conditions the turbine has to be assumed as a 
black box with fixed upstream and downstream (throat) pressure and flow quality 
properties. Figure 2-7 displays a basic diagram describing these assumptions. 
 
Figure 2-7 Turbine thermal hydraulic concept 
In the HEM, the mass flux is calculated using equation 2.10 which depends on the 
upstream and downstream conditions show in Figure 2-7. The objective is to maximize the 
mass flux with respect to pressure (
𝑑𝐺
𝑑𝑃
= 0).  The process followed to accomplish it, is to fix 
the desired upstream pressure p0 and quality x0 and swipe the parameter pt using random 
values between 0 and p0 (0<pt<p0) and plot the resulting mass flux. [27] 
𝐺 = √[2 ∗ 𝜌𝑡2 ∗ (ℎ0(𝑝0, 𝑥0) − ℎ𝑡(𝑝𝑡))]                                        (2.10) 
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Where: 
𝐺: Is the mass flux [kg/s*m2] 
𝜌𝑡: Is the density downstream (throat) [kg/m
3] 
ℎ0: Is the enthalpy at upstream which depends on the upstream pressure (p0) and quality 
(x0) 
ℎ𝑡: Is the enthalpy at downstream (throat) assuming and isentropic expansion in the 
turbine. It depends on the downstream pressure (pt) 
The properties at downstream are calculated using the equations 2.11 to 2.13 
𝑥𝑡 =
𝑠0 − 𝑠𝑙
𝑠𝑣 − 𝑠𝑙
                                                                        (2.11) 
ℎ𝑡 = ℎ𝑙 + 𝑥𝑡 ∗ ℎ𝑙𝑣                                                              (2.12) 
𝜌𝑡 = 𝜌𝑙 + 𝑥𝑡 ∗ 𝜌𝑙𝑣                                                               (2.13) 
Where: 
𝑥𝑡: Is the quality downstream (throat)  
𝑠0: Is the entropy upstream [J/kg*K] 
𝑠𝑙: Is the saturated water entropy at downstream pressure (pt) [J/kg*K] 
𝑠𝑣: Is the saturated steam entropy at downstream pressure (pt) [J/kg*K] 
ℎ𝑡: Is the enthalpy downstream [J/kg] 
ℎ𝑙: Is the saturated water enthalpy at downstream pressure (pt) [J/kg] 
ℎ𝑙𝑣: Latent heat at downstream pressure (pt) [J/kg] 
𝜌𝑡: Is the density downstream [kg/m
3] 
𝜌𝑙: Is the saturated water density at downstream pressure (pt) [kg/m
3] 
𝜌𝑙𝑣: Is the steam-water density change at downstream pressure (pt) [kg/m
3] 
Figure 2-8 shows the mass flux resulting from the application of HEM equations 2.10 to 
2.13 for several flow qualities 0<x0<1 and an upstream pressure (po) of 7.83 MPa. 
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The maximum value of mass flux for each curve, called 𝐺𝑐, corresponds to the mass flux 
under critical conditions. Using the mixture specific volume at  𝐺𝑐 conditions, the mixture 
velocity of sound can be obtained for each quality. This velocity corresponds to the inlet 
velocity (V1) in the turbine velocity triangle. 
 
Figure 2-8 HEM mass flux calculation 
For each upstream quality (x0), the velocity is 
𝑉(𝑥0) = 𝐺𝑐 ∗
1
𝜌𝑡
                                                                    (2.14) 
Where: 
𝐺𝑐: Is the mass flux at the maxim point of the curve. [kg/s*m
2] 
𝜌𝑡 : Is the density downstream corresponding to the pressure (pt) related with the 
maximum mass flux (Gc). [kg/m
3] 
Figure 2-9 shows the HEM pseudo-fluid velocity behavior as a function of the quality and 
the pressure at saturated conditions. [29] 
Once the fluid velocity corresponding to the critical mass flux is calculated, the critical flow 
rate as well as rest of the velocities components of the turbine blade velocity triangles can 
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be obtained by applying the turbine geometry parameters found by applying the 
equations 2.7 to 2.9.  
 
Figure 2-9 HEM pseudo-fluid velocity calculation [29] 
 
2.2.3- Non-Homogeneous Equilibrium Model 
The NHEM model (Non-homogeneous equilibrium model), originally developed by Moody 
(1965)[27], is an derivation of the HEM (Homogeneous Equilibrium Model) created by the 
addition of other limiting assumptions. This avoids the necessity of taking any account of 
the details of the non-equilibrium phenomena. 
 The NHEM allows different velocities between vapor and liquid phases. The slip ratio, 𝑆, is 
defined as the ratio between velocities. This ratio is also considered as a variable which 
determines the conditions of maximum mass flux. The mass flux can be described by 
equation 2.15. 
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𝐺 = √[2 ∗ 𝜌𝑡2 ∗ (ℎ0(𝑝0, 𝑥0) − ℎ𝑡(𝑝𝑡))]                                              (2.15) 
Where: 
𝐺: Is the mass flux [kg/s*m2] 
𝜌𝑡: Is the density downstream (throat) [kg/m
3] 
ℎ0: Is the enthalpy at upstream which depends on the upstream pressure (p0) and quality 
(x0) 
ℎ𝑡: Is the enthalpy at downstream (throat) assuming and isentropic expansion in the 
turbine. It depends on the downstream pressure (pt) 
The process is analogous to the one described for the HEN; find the critical mass flux ( 𝐺𝑐) 
at a given conditions fixing the upstream conditions p0 and x0, and then swipe pt using 
values from 0<Pt<P0 and plot the corresponding 𝐺. 
 The downstream density is dependent on 𝑆 
1
𝜌𝑡
= [
𝑥𝑡
𝜌𝑔
+
𝑆 ∗ (1 − 𝑥𝑡)
𝜌𝑙
] ∗ [𝑥𝑡 +
1 − 𝑥𝑡
𝑆2
]
1
2
                                        (2.16) 
Where: 
𝜌𝑔: Is the saturated steam density at downstream [kg/m
3] 
𝜌𝑙: Is the saturated water density at downstream [kg/m
3] 
𝑥𝑡: Is the downstream quality 
𝑆: Is the slip ratio 
Considering the different equations, it can be noticed that the mass flux not only depends 
on pressure but also on the slip ratio, 𝑆. Assuming that 𝐺 should not only be maximized 
with respect to pressure but also with respect to the slip ratio leads to the inclusion of a 
new restrain 
𝑑𝐺
𝑑𝑆
|
𝑝
= 0 (with a negative second derivative). This leads equation 2.15 to yield 
at maximum flow conditions. 
𝑆 = (
𝜌𝑙
𝜌𝑔
)
1/3
                                                                        (2.17) 
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The slip ratio used for this research, which is described in equation 2.17 minimizes the 
specific kinetic energy of the two-phase mixture. There are other theoretical values, like 
the slip ratio formulated by Fauske (1962) which minimizes the specific two-phase flow 
momentum would be discussed but not applied in the calculations. 
It is also possible to use a variable slip ration and solve the momentum and energy 
equations simultaneously. Figure 2-10 shows the resulting curves for a particular case 
(Wallis 1969) where a saturated liquid obeying Bernoulli’s equations is assumed in the 
nozzle. [26] 
The energy and momentum curves explain the dependency of the mass flux with the 
velocity ratio resulting from the combination of the continuity equation with either, 
energy or momentum in the control volume. The marked points in each curve correspond 
to the slip ratios that minimize either, the kinetic energy or the momentum. At the 
intersection point, both properties are conserved. [26] 
 
Figure 2-10 Critical mass flux value applying different slip ratios [26] 
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Figure 2-11 Relationship between the stagnation  
pressure and the critical mass flux using different models [26] 
A comparison between the predictions resulting of the two different slip ratios, as well as 
other models, is shown in Figure 2-11. The figure describes the critical mass flux for water 
expanding from saturation pressure (x=0), and shows the little influence of the slip ratio 
choice, as long as the thermodynamic equilibrium is achieved. [26] 
Applying the NHEM equation for different upstream qualities 0<x0<1 and an upstream 
pressure (po) of 7.83 MPa allows plotting the mass flux curve as shown in Figure 2-12. 
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Figure 2-12 NHEM mass flux calculation  
 𝐺𝑐, corresponds to the mass flux under critical conditions and is located at the maximum 
point of each curve. Using the mixture specific volume at  𝐺𝑐 conditions both, steam and 
water, velocities can be found by using eq. 2.18 and 2.19. These velocities correspond to 
the inlet steam and water velocities (V1steam/ V1water) in the turbine velocity triangle. 
𝑉𝑠𝑡𝑒𝑎𝑚 =
𝐺𝑐 ∗ 𝑥𝑡
𝜌𝑔 ∗ 𝛼𝑡
                                                                       (2.18) 
𝑉𝑤𝑎𝑡𝑒𝑟 =
𝐺𝑐 ∗ (1 − 𝑥𝑡)
𝜌𝑙 ∗ (1 − 𝛼𝑡)
                                                             (2.19) 
Where: 
𝛼𝑡: Is the fluid void fraction at downstream pressure corresponding to Gc. 
Analogous to the HEM case, once the fluid velocities (V1steam/ V1water) corresponding to the 
critical mass flux are calculated, the critical flow rate as well as rest of the velocities 
components of the turbine blade velocity triangles can be obtained by applying the turbine 
geometry parameters found by applying the equations 2.7 to 2.9.  
Figure 2-13 shows the flow chart followed to plot the mass flux applying the HEM and 
NHEM equations described in this section 
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Figure 2-13 HEM/NHEM model flow chart 
 
2.2.4- Degradation coefficient formation and discussion 
Independent of which model has been used to find the velocities in the blade, the turbine 
work is calculated using the Euler turbine work. 
Select and upstream conditions P0, x0 and 
obtain h0 
Select throat pressure Pt 
  
Calculate the throat flow properties 𝑥𝑡, ℎ𝑡, 𝜌𝑡 
 Calculate G 
Is the maximum value (Gc)                  
achieved? 
 
Select another quality x0 with 
same P0 and obtain h0 
 
Obtain V1 and ?̇? using Acr  
Use blade geometry to 
find Vb and V2 
Obtain W and the degradation 
coefficient 𝜂𝐻𝐸𝑀 
Enough set points to create 
the function? 
 
Plot the results and find 
the curve equation 
N 
N 
Y 
Y 
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Equation 2.20 describes the Euler turbine work. The Euler turbine equation relates the 
power added to or removed from the flow, to characteristics of a rotating blade row. The 
equation is based on the concepts of conservation of angular momentum and 
conservation of energy as is described in Figure 2-14. [30] 
 
Figure 2-14 Turbine momentum and energy conservation concepts [30] 
 
𝑊𝑡 = Ƭ ∗ 𝜔    [𝑊]                                                          (2.20) 
Where: 
𝑊𝑡: Turbine work. [W] 
Ƭ: Turbine torque. [N*m] 
𝜔: Turbine angular velocity. [rads/s] 
Applying conservation of angular momentum Ƭ must be equal to the time rate of change 
of angular momentum in a stream tube that flows through the turbine. 
Ƭ = ?̇? ∗ (𝑉2𝑡 ∗ 𝑟2 − 𝑉1𝑡 ∗ 𝑟1) [𝑁 ∗ 𝑚]                                          (2.21) 
Where: 
?̇?: Is the mass flow rate moving through the turbine. [kg/s] 
𝑉1𝑡: Is the inlet velocity (V1) component in the blade velocity axis. [m/s] 
𝑟1: Is the inlet radius. [m] 
𝑉2𝑡: Is the outlet velocity (V2) component in the blade velocity axis. [m/s] 
𝑟2: Is the outlet radius. [m] 
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If the blade is moving then power is supplied by the fluid, and combining equations2.20 
and 2.21, the output power equation can be rewritten as: 
𝑊𝑡 = ?̇? ∗ (𝑉2𝑡 ∗ 𝑟2 − 𝑉1𝑡 ∗ 𝑟1) ∗ 𝜔 [𝑊]                                          (2.22)        
Assuming r2=r1 =r the main stage radius and knowing that the blade velocity is 𝑉𝑏 = 𝜔 ∗ 𝑟, 
equation 2.22 is changed to: 
𝑊𝑡 = ?̇? ∗ 𝑉𝑏 ∗ (𝑉2𝑡 − 𝑉1𝑡) [𝑊]                                                 (2.23) 
Where: 
𝑉𝑏: Is the velocity of the blades. [m/s] 
Once the turbine work at a given quality has been calculated using equation 2.23, the 
degradation coefficient curve can be found; dividing the different output powers by the 
pure steam power (373kW from Table 1-1) and plot the resulting coefficients to find the 
curve function. 
𝜂𝑁𝐻𝐸𝑀(𝑥0) =
𝑊(𝑥0)
𝑊𝑝𝑢𝑟𝑒 𝑠𝑡𝑒𝑎𝑚
                                                      (2.24) 
Figure 2-15 shows the degradation coefficient curve by applying the HEM equations. 
Fitting the data using a second order polynomial trendline, the equation becomes 
𝜂𝑁𝐻𝐸𝑀 = −0.507𝑥2 + 1.389𝑥 + 0.11                                       (2.25) 
With a determination coefficient (R2) of 0.9992 between the data and the trendline. 
Analogous to HEM case, the NHEM degradation coefficient curve by applying the 
corresponding equations is shown in Figure 2-16 which shows how the output power is 
reduced as a function of the flow quality. Fitting the data using a second order polynomial 
trendline, the equation becomes 
𝜂𝑁𝐻𝐸𝑀 = −0.623𝑥2 + 1.357𝑥 + 0.248                                     (2.26) 
With a determination coefficient (R2) of 0.9947 between the data and the trendline. 
If the flow is pure steam, the degradation factor is equal to unity representing no 
degradation in the turbine. Otherwise, if the flow is a mixture of steam and water, the 
output power should be further reduced by multiplying it by the corresponding factor. 
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Figure 2-15 HEM degradation coefficient  
 
 
Figure 2-16 NHEM degradation coefficient 
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If the flow is pure steam, the degradation factor is equal to unity representing no 
degradation in the turbine. Otherwise, if the flow is a mixture of steam and water, the 
output power should be further reduced by multiplying it by the corresponding factor. 
Both degradation coefficients show the same tendency to the flow quality but, as can be 
appreciated in Figure 2-17, the application of the HEM or the NHEM causes a variation of 
the resulting curve at low flow qualities. 
The difference can be explained by the different assumptions made in both models; while 
the HEM assumes the mixture as a pseudo-fluid which properties are the equivalent to the 
initial mixture, the NHEM considers two different phases each one of them with its own 
different properties. These assumptions make the HEM less accurate at low qualities 
where the phase’s differences are more relevant. 
 
Figure 2-17 HEM/NHEM degradation coefficient comparison 
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2.3- Summary 
The objective of this chapter is the development of a turbine degradation coefficient which 
tries to quantify how much the turbine output power is reduced as a function of the 
amount of water in the flow. 
As mention earlier in this chapter, some analysis done regarding the RCIC performance of 
F1D2 by TEPCO[11][23] and the IAE [24] stated the incongruence of a normal turbine 
operation and the onsite measured data. They hypothesized that the turbine power was 
being overpredicted  
The application of HEM and NHEM is useful to find the velocity triangles for qualities 0<x<1. 
The velocities are then used in conjunction with the Euler turbine power equation to 
calculate the corresponding turbine power which is compared to the pure steam power 
from RCIC specification sheet which at the same time is the power corresponding to the 
single phase critical flow. 
Both degradation coefficients show a similar tendency to the flow quality. The difference 
observed at low qualities is due to the assumption of two different phase velocities done 
in the NHEM. 
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Chapter 3 Application of the turbine design into F1D2 RCIC 
system numerical analysis 
 
3.1- Fukushima Daiichi Unit 2 plant description 
F1D2 is one of the six reactors of Fukushima Daiichi affected by the earthquake and the 
consequent tsunami. It is a BWR/4 reactor type originally designed by General Electrics 
(GE) which began its operation on 18th July 1974 and its decommission was stablish, due to 
the accident, on 19th April 2012. Despite BWR/4 reactors are capable to use either Mark I 
or Mark II containments, F1D2 uses a Mark I configuration.  With a thermal power of 
2384MWt it is capable to produce around 784MWe. The global plant specifications are 
resumed in Table 3-1. 
Mark I primary containment configuration includes a free-standing bulb-shaped drywell 
backed with reinforced concrete and connected to the torus-shaped suppression pool by a 
venting system. The S/C acts as a heat sink which absorbs the heat in case of accident. The 
venting system is based on 96 downcomer vent pipes with the function to equalize the 
pressure between the drywell and the wetwell. The design pressure value for the S/C is 
around 392kPa being the rupture pressure 2.0 times this value. [11] 
Table 3-1 F1D2 plant specifications [11] 
Items Value Units 
Thermal output 2381 MWt 
Total flow rate of coolant 3.33*103 t/h 
Operation pressure in reactor pressure vessel (gauge) 6.93 
 
MPa 
Reactor core Length of active fuel 3710 mm 
Hydraulic equivalent diameter 4.03 m 
Total amount of uranium 94 t 
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Steam flow rate 4440 t/h 
Core temperature 286 oC 
Average uranium enrichment 3.8 wt% 
Burnup Average 45.0 GWD/t 
Maximum 55.0 GWD/t 
Fuel 
(9x9(B)) 
Diameter of the pellet 9.4 mm 
Outer diameter of the cladding tube 11 mm 
Thickness of the cladding 0.7 mm 
Fuel assembly Number of FA (total) 548 -- 
Number of fuel rod in one 
FA 
9x9-9 
(water channel) 
-- 
Material of channel box Zircaloy-4 -- 
Control blade Configuration Cross-shape -- 
Number of control blades 137 -- 
Pitch 304.8 mm 
RPV Inner diameter 5.57 m 
Height 22.0 m 
Thickness of base metal 138 mm 
Thickness of stainless liner 5 mm 
Material of base metal 
SA533 -- 
SA-508 -- 
Weight 500 t 
Design pressure (gauge) 87.9 kg/cm2g 
Design temperature 302 oC 
Primary loop 
recirculation 
Number of loops 2 -- 
Inner diameter of pipe 627 mm 
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system Number of jet pumps 20 -- 
Flow rate of pumps 7800 t/h 
Pump head 152 m 
Output power of pump motor 3750 kW 
Rotation speed of pump motor 1380 rpm 
Main steam 
system 
Number of pipe 4 -- 
Inner diameter of pipe 610 mm 
Number of main steam isolation valve 8 -- 
Number of SRV 8 -- 
Number of safety valve 3 -- 
Primary 
containment 
vessel 
Drywell Inner diameter of 
spherical portion 
20 m 
Inner diameter of 
cylindrical portion 
10.9 m 
S/C Diameter of torus 33.5 m 
Minor inner diameter 8.9 m 
Number of vent pipe 8 -- 
Inner diameter of v. pipe 2.06 m 
Inner diameter of header 1.46 m 
Number of downcomer 96 -- 
Inner diameter of 
downcomer 
592 mm 
Pool inventory 2980 m3 
Design inner pressure (gauge) 3.92 kg/cm2g 
Design outer pressure (gauge) 0.14 kg/cm2g 
Design temperature 138 oC 
Material ASME SA 516 -- 
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3.2- Accident progression 
On March 11th 2011 the Fukushima Unit 2 was operating normally under its specification 
designs. Once the earthquake hit Japan, the plant personnel immediately perform the 
reactor scram, shutting down the plant. The major events after the scram are summarized 
in Table 3-3. 
During the first hour after the scram, the major event log shows the RCIC being manually 
activated two times; the first one for minute before the high water level signal, TAF+5.65 
trip off the system. The second activation last for more time but the procedure was exactly 
the same; manually activation and deactivation due to high water level. During this time, 
as can be seen in Table 3-2 the residual heat removal system (RHR system) was operating 
cooling down the S/C with the spray function. [11] 
Table 3-2 F1D2 water injection to the core [11] 
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One hour after the scram, the tsunami arrived and flooded the diesel generators room 
shutting down the AC/DC current and all the safety systems depending on them, 
generating a Station Blackout scenario.  Right before this event, the RCIC was manually 
activated a third time but, due to the loss of current, the trip off signal due to high water 
level never arrived. [23-24][31-33] 
Checking out the RPV pressure shown in Figure 3-1 which remain below the operation 
pressure it is clear that the RCIC kept operating removing the decay heat generated by the 
fuel by extracting hot steam and injecting cold water, first form the CST (during the first 
13h) and after from the suppression pool. 
Due to the loss of current and the large operating time of the RCIC system it is reasonable 
to hypothesize that the water level in the RPV rose without control until it reached the 
MSL height allowing the water to move through the turbine. It is complicated then, to 
quantify the coolant makeup capability of the RCIC system during the 70h of operation 
time. [23][24]  
Regarding the S/C and drywell pressure described in Figure 3-2 during the RCIC operation, 
there is no doubt that the pressure increment they suffered was below the expected 
values, especially with the consideration that the auxiliary systems such as the RHR system 
were offline. The main assumption behind this behavior is the flooding of the room where 
the torus is located. [23-24][31-33].The flooding of the torus room would increase the heat 
exchange between in the inside of the S/C and the surroundings cooling down the fluid 
inside. 
At 70h mark after the scram the RCIC failed and stopped to inject cold water to the RPV as 
can be seen in Figure 3-1 by the drastic increment in the RPV pressure until the SRV start 
an open-close cycle around 80h mark after the scram [23-24][31-33]. 
After the RCIC fail, no water was injected during 11 hours until the injection of the sea 
water by trucks. Moreover, at about 2 hours before the sea water injection, the SRV were 
manually opened discharging water to the RPV. It is assumed that this period of lack of 
injected water caused damage in the bottom section of the RPV. 
 The explosions sound around the S/C region could be caused by the interaction of the 
melted zirconium with the sea water injected by the fire trucks. Those explosions might 
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cause the hypothetical leakage in the drywell which explains the depressurization suffered 
around the 90h mark.  
Table 3-3 Accident major event log [11] 
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3.2.1- Measured data 
The following figures show the main data measured onsite during the accident by the 
personnel. Figure 3-1 shows the PRV pressure starting right after the earthquake until the 
18th March 2011. In the figure, the evolution during the RCIC operational time can be 
observed, as well as, the pressure drastic reduction after the RCIC fail. 
 Analogously, Figure 3-2 the drywell and wetwell pressure evolution during the same 
period. The pressure in both spaces is assumed to be similar due to the vacuum breaker 
and the venting system between them. A pressure slow increment can be observed during 
the RCIC operation time (lower than expected due to the hypothetical tors room flood). 
The pressure starts to fluctuate and decreases due to a leakage.  
Figure 3-3 describes the decay heat generated by the fuel after the scram during the RCIC 
operation time.  
Figure 3-4 shows, the RPV water level measured (green and yellow) and the water level 
once it was corrected by the simulation code (blue). The figure shows a constant water 
level around the MSL height during the RCIC operation time but it is only the measure 
taken by the sensor, actually there is no method to completely verify the real RPV water 
level. 
 
Figure 3-1 RPV pressure [11] 
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Figure 3-2 Drywell/Wetwell pressure [11] 
 
 
Figure 3-3 Decay heat [11] 
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Figure 3-4 RPV water level [11] 
 
 
3.3- RCIC system numerical analysis 
 
3.3.1- RCIC system description 
The following section will be focused on the numerical analysis of the RCIC system of F1D2 
in order to estimate the RCIC system behavior in general, and the RCIC turbine in special. 
The analysis will be based on the basic energy and mass balance of the different elements 
forming the system and will consider both, single and two-phase flow scenarios either with 
or without the addition of the degradation coefficient developed in Chapter 2 using the 
HEM and NHEM. 
The RCIC system basic diagram is displayed in Figure 3-5. 
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Figure 3-5 RCIC system thermal hydraulic diagram 
In this diagram, the main RCIC components are described; the RPV, the turbine, the pump 
and the suppression chamber along with the control point used in the analysis. The system 
can be reduced to a simple Rankine cycle by using the RPV as a boiler heating up the water 
pumped by the RCIC pump until saturated conditions and the S/C as a heat exchanger or 
heat sink where the steam coming from the RPV is cooled down by the water inventory. 
One especial condition of this system is the presence of a turbine-driven pump, forcing the 
pump and the turbine to move at the same speed by connecting them by a shaft making 
the turbine generated power to be equal to the pump received power. 
 RPV : 
The energy balance in the RPV is described in 
equation 3.1 
𝑄 = ?̇? ∗ ∆ℎ [𝑘𝑊]               (3.1) 
Where: 
Q: Is the energy provided by the fuel (𝑄𝑓𝑢𝑒𝑙). [kW] 
?̇?: Is the mass flow rate in the RPV (?̇?𝑅𝑃𝑉). [kg/s] 
∆ℎ: Is the enthaply difference between the inlet 
(1) and the outlet (2). [kJ/kg] 
 
Using all the previous considerations, equation 3.1 can be rewritten into 
𝑄𝑓𝑢𝑒𝑙 = ?̇?𝑅𝑃𝑉 ∗ (ℎ2 − ℎ1)  [𝑘𝑊]                                          (3.2) 
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 Turbine: 
The energy balance in the RCIC turbine is 
described in equation 3.3 
𝑊𝑡 = ?̇? ∗ ∆ℎ [𝑘𝑊]                                (3.3) 
 
 
Where: 
𝑊𝑡: Is the turbine generated work. [kW] 
?̇?: Is the mass flow rate through the turbine (?̇?𝑡). [kg/s] 
∆ℎ: Is the enthaply difference between the inlet (2) and the outlet (3). [kJ/kg] 
If an isentropic expansion is assumed when calculating the ∆ℎ, then an isentropic 
efficiency (𝜂𝑖𝑠𝑡) must be added. Equation 3.3 becomes. 
𝑊𝑡 = ?̇?𝑡 ∗ (ℎ3 − ℎ2) ∗ 𝜂𝑖𝑠𝑡    [𝑘𝑊]                                         (3.4) 
 Pump: 
The energy balance of the pump is completely 
analogous to the turbine being described in 
equation 3.5 
𝑊𝑝 =
?̇?𝑝 ∗ (ℎ1 − ℎ4)
𝜂𝑖𝑠𝑝
 [𝑘𝑊]             (3.5) 
 
Equation 3.5 can be rewritten using the hydraulic power transferred to the fluid by 
the pump. 
𝑊𝑝 = ?̇?𝑝 ∗
𝐻 ∗ 𝑔
𝜂𝑝 ∗ 1000
 [𝑘𝑊]                                            (3.6) 
Where: 
?̇?𝑝: Is the mass flow rate through the pump. [kg/s] 
𝜂𝑝: Is the pump efficiency. 
𝐻: Is the pump head. [m] 
𝑔: Is the gravity. [m/s2] 
Prior to analyze the RCIC system response during the F1D2 accident conditions, the 
different efficiencies have to be estimated. In order to estimate them, a single phase 
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analysis will be performed under the RCIC specification sheet resumed in Table 1-1 and 
using one of the RCIC limitation conditions expressed in equation 3.7. 
𝑊𝑝 = −𝑊𝑡 →
?̇? ∗ (ℎ1 − ℎ4)
𝜂𝑖𝑠𝑝
= −?̇? ∗ (ℎ3 − ℎ2) ∗ 𝜂𝑖𝑠𝑡 ∗ 𝜂𝑠ℎ𝑎𝑓𝑡                   (3.7) 
Where: 
𝜂𝑠ℎ𝑎𝑓𝑡: Is the shaft efficiency (0.9 from literature [23-24]). 
 
3.3.2- Accident analysis 
The F1D2 accident analysis would be done considering a mixture of steam/water through 
the turbine. The assumptions made for the analysis are based on the data measured and 
gathered by TEPCO [11]; 
 The fluid properties at each point of control would be calculated by using the 
TEPCO measured RPV and Drywell pressure displayed in Figure 3-1 and Figure 3-2 
to properly recreate the accident conditions. [11] 
 According with TEPCO data and experiments, the water level in the RPV was 
constant during RCIC operation time as displayed in Figure 3-4. [11] This condition 
forces all the mass flow rates to be equal ?̇?𝑝 = ?̇?𝑡 = ?̇?𝑅𝑃𝑉 = ?̇? 
 𝜂𝑝, 𝜂𝑖𝑠𝑡 , 𝜂𝑠ℎ𝑎𝑓𝑡  are already known and assumed constant  
 Since the RCIC operation is after scram, 𝑄𝑓𝑢𝑒𝑙 = 𝑄𝑑𝑒𝑐𝑎𝑦 ℎ𝑒𝑎𝑡  shown in Figure 3-3 
[11] 
The equation system use to describe the RCIC behavior during the accident is based on the 
energy balance of the equations 3.2, 3.4, 3.6, in conjunction of the system mass balance 
based on the assumptions previously described. 
The resulting equation system is displayed in the following equations. 
RPV energy balance 
𝑄𝑑𝑒𝑐𝑎𝑦 ℎ𝑒𝑎𝑡 = ?̇? ∗ ∆ℎ → 𝑄𝑑𝑒𝑐𝑎𝑦 ℎ𝑒𝑎𝑡 = ?̇? ∗ [((ℎ2𝑣 ∗ 𝑥 + ℎ2𝑙 ∗ (1 − 𝑥)) − ℎ1)]         (3.8) 
Generated turbine – received pump work equivalency 
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?̇? ∗ 𝐻 ∗ 𝑔
𝜂𝑝 ∗ 1000
= −?̇? ∗ [ℎ3 − (ℎ2𝑣 ∗ 𝑥 + ℎ2𝑙 ∗ (1 − 𝑥))] ∗ 𝜂𝑖𝑠𝑡 ∗ 𝜂𝑠ℎ𝑎𝑓𝑡                (3.9) 
RCIC mass balance 
?̇?𝑝 = ?̇?𝑡 = ?̇?𝑅𝑃𝑉 = ?̇?                                                        (3.10) 
Steam mass flow rate in the turbine 
?̇?𝑡−𝑠𝑡𝑒𝑎𝑚 = 𝑥 ∗ ?̇?                                                             (3.11) 
Where: 
?̇?𝑡−𝑠𝑡𝑒𝑎𝑚: Is the steam mass flow rate in the turbine. [kg/s] 
Under the specified conditions, the unknown parameters of this equation system are the mass 
flow rates and the quality on the Main Steam Line (MSL).  
The equation system previously described does not consider the turbine factor previously 
developed in Chapter 2. If the degradation is to be included, the equation 3.9 then has to be 
modified; in case of the HEM, equation 3.9 becomes 
?̇?𝑝 ∗ 𝐻 ∗ 𝑔
𝜂𝑝 ∗ 1000
= −?̇?𝑡 ∗ ∆ℎ𝑠=𝑐𝑜𝑛𝑠𝑡 ∗ 𝜂𝑖𝑠𝑡 ∗ 𝜂𝑠ℎ𝑎𝑓𝑡 ∗ 𝜂𝐻𝐸𝑀                           (3.12) 
Where: 
𝜂𝐻𝐸𝑀: Is the degradation coefficient developed by applying the homogeneous equilibrium 
model described in equation 2.25. 
Analogous to HEM, if the NHEM is to be applied, equation 3.9 becomes 
?̇?𝑝 ∗ 𝐻 ∗ 𝑔
𝜂𝑝 ∗ 1000
= −?̇?𝑡 ∗ ∆ℎ𝑠=𝑐𝑜𝑛𝑠𝑡 ∗ 𝜂𝑖𝑠𝑡 ∗ 𝜂𝑠ℎ𝑎𝑓𝑡 ∗ 𝜂𝑁𝐻𝐸𝑀                           (3.13) 
Where: 
𝜂𝑁𝐻𝐸𝑀 : Is the degradation coefficient developed by applying the non-homogeneous 
equilibrium model described in equation 2.26. 
The equation system is evaluated on each time step during the 70h of RCIC operation time 
recorded by TEPCO [11]. The analysis process is shown in the flow chart in Figure 3-6. 
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Figure 3-6 RCIC system numerical analysis flow chart  
 
3.3.3- Analysis results and discussion 
In this section, the results from all the previously described scenarios will be presented 
and discussed. For the first case, the results of the basic analysis without any degradation 
coefficient applied to the turbine are displayed in Figure 3-7. 
The figure shows the flow quality as a function of time applying the previous equations 
without considering any type of turbine degradation. As can be observed, despite the 
equation system has a solution; this solution is only numerical, with no agreement with 
the initial assumptions of two phase flow stated previously. Since the flow quality is 
negative, there is no reason to try to find the steam flow rate. The fact of non-real solution 
agrees with the stated assumption of some degradation due to the water kinetic energy 
loss and the corresponding reduction on the energy of the moisture. 
Take TEPCO’s data for a given time step (𝑄𝑑𝑒𝑐𝑎𝑦 ℎ𝑒𝑎𝑡, Pressure…) 
Calculate the fluid properties based on 
time step data and initial assumptions 
      𝑄𝑑𝑒𝑐𝑎𝑦 ℎ𝑒𝑎𝑡 = ?̇? ∗ ∆ℎ        (𝑅𝑃𝑉 𝑒𝑛𝑒𝑟𝑔𝑦 𝑏𝑎𝑙𝑎𝑛𝑐𝑒) 
Solve the equation system: 
      𝑊𝑝 = −𝑊𝑡                             (𝑇𝑢𝑟𝑏𝑖𝑛𝑒 − 𝑃𝑢𝑚𝑝 𝑤𝑜𝑟𝑘 𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑦)    
Obtain ?̇? and 𝑥 for that time step 
                       Arrived to 70h? 
Take next 
time step 
data 
 
N 
Plot the results 
Y 
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Figure 3-7 MSL quality without turbine degradation 
The following figures show the results of the RCIC behavior when the turbine degradation 
is considered. The results of the HEM case can be observed in Figure 3-8 which shows that 
the stream through the turbine is, indeed, a two-phase flow, being a mixture of water and 
steam. Despite the results are agree with the initial assumptions and boundary conditions 
one thing must be reminded, the HEM limitations.  
As mention in Chapter 2, the HEM is a model that assumes a perfect mixture in which both, 
steam and water, phases are in perfect equilibrium moving at same velocity. Despite it can 
be true at high qualities, where the small water droplets can be carried by the steam flow 
with little interferences, it becomes inaccurate at low qualities where the water phase 
becomes dominant and cannot be carried by the steam. 
Unfortunately, the results on Figure 3-8 estimate a low quality stream (around 13% - 19%). 
In this situation, the application of the NHEM proved to be a logic improvement. 
The results of NHEM scenario are plotted in Figure 3-9, which shows that the stream 
through the turbine is, again, a two-phase flow, being a mixture of water and steam 
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agreeing with the initial assumptions. In this case, though, the flow quality increases from 
6% during the first hours to ending around 14%. 
 
Figure 3-8 RCIC mass flow rates applying HEM coefficient 
 
Figure 3-9 RCIC mass flow rates applying NHEM coefficient 
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Despite presenting a similar behavior both cases, HEM and NHEM also show some 
differences being the most relevant the reduction of the steam flow through the turbine in 
NHEM scenario. Although this reduction could seem strange it agrees with the theory 
behind the models themselves. In one hand, the HEM assumes that all the mixture is 
moving at one unique velocity, being this one an average between both, steam and water 
speeds depending on the quality. 
On the other hand, the NHEM uses two different speeds for the two phases resulting in a 
faster steam phase and a slower water phase. In order to obtain a similar energy, and 
assuming that the kinetic energy of a fluid is depending on the mass flow rate and the 
velocity, is completely reasonable to see a mass flow reduction if the speed of that flow is 
increased. 
Although most of the companies related with Fukushima analysis projects do not take into 
consideration the RCIC turbine itself, the IAE also analyzed the two phase flow scenario by 
using energy and mass balance and considering some degradation in the turbine due to 
the water presence.  
Despite using the same concept, IAE analysis differs from the one presented here in its 
boundary conditions and initial assumptions. In their model, fully explained in [24], is 
considered that only the steam is creating positive work in the turbine meanwhile all the 
water is applying a negative effect. The consideration of the steam flashing phenomena 
due to the rapid expansion is also included. The resulting mass flow rates obtained by IAE 
are shown in Figure 3-10. 
The mass flow rates found by IAE have a similar behavior than the ones obtained by both 
models, especially with NHEM as can be appreciated in Figure 3-11. Some discrepancy 
appears during the first hours mainly due to the CST operation; during the first 13h, the 
water was injected to the RPV from the CST instead from the SC which is not included in 
the present analysis making the data of the first hours non-accurate. 
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Figure 3-10 RCIC mass flow rates applying by IAE [24] 
 
Figure 3-11 RCIC turbine steam mass flow rates comparison 
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Despite giving close values to the NHEM model, the IAE equations show lower quantities 
of steam along the RCIC operation time. 
 
Figure 3-12 RCIC turbine power comparison 
Figure 3-12 shows the turbine output power during the RCIC operational time considering 
the effect of HEM and NHEM models and comparing them with IAE results, all 3 presenting 
almost and exact behavior. Despite having a reduced steam flow rate, the NHEM shows a 
higher output power mainly caused by the increment of the overall flow rates. 
For comparison purposes, the degradation coefficient developed and used by IAE in their 
SAMPSON analysis is described in equation 3.14. [42] 
𝜂𝛼 = 1 + 0.32log(0.9𝛼 + 0.1)                                            (3.14) 
Where: 
𝛼: Is the flow void fraction 
As can be observed, the IAE degradation coefficient is a logarithmic function based on the 
fluid void fraction far away from the HEM and NHEM previously described. 
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For a more visual comparison, Figure 3-13 shows the values of the IAE and the NHEM 
degradation coefficient at different flow qualities. 
 
Figure 3-13 IAE-NHEM comparison 
The divergence observed between the IAE and NHEM degradation coefficient in Figure 3-
13 is the main reason between the differences on the numerical analysis results. The 
degradation developed and applied in this dissertation is based on the steam turbine 
design equations and the critical flow models which provide a quantitative explanation 
about the turbine power behavior in two-phase flow scenarios. The IAE coefficient, on the 
other hand, is a iteration-generated parameter with the objective to match the analysis 
results to the onsite measurements without being based on any model. 
A further explanation about why the results with no degradation were only a numerical 
solution meanwhile the ones with the application of the HEM and NHEM show a realistic 
behavior might be done. The results can be explained by the essence of the RCIC system 
itself; a closed loop system where the turbine performance at time step t will affect its 
own performance in time step t+dt. If the turbine generates more power due to the water 
presence, the pump receives more power, pumping more water at the same time and, 
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consequently, increasing the RPV water level furthermore and injecting more water to the 
turbine at the same time. 
The data displayed in Figure 3-14 shows the mass flow rates in the pump and the turbine 
at a given RPV pressure with either, with or without turbine degradation, at several 
turbine flow qualities. The black line shows the hypothetical maximum, critical, flow rate 
that can pass through the turbine at a given qualities meanwhile the red and blue lines 
represent the water mass flow rate in the pump computed using equation 3.9 (no 
degradation) and equation 3.13 (NHEM degradation). 
 
Figure 3-14 RCIC pump-turbine mass balance 
As can be observed, in the case of no degradation, it does not matter the flow quality 
because the black and red lines will never intersect. This means that the system will be 
always unbalanced causing the RPV water level to increase without control. On the other 
hand, with turbine degradation, it is a balance point in the intersection between the blue 
and black lines. At this point, the mass extracted from the RPV and the mass injected to 
the RPV will be the same and the water level will remain constant. The intersection point 
will change depending on the system conditions (RPV and S/C pressure) 
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Agree with the previous explanation, TEPCO’s data shown that the water level remained 
constant after reaching the MSL, as can be appreciated in Figure 3-14, meaning that the 
turbine power suffered a reduction in order to balance the inlet/outlet mass in the RPV. 
[23-24] 
 
3.4- Summary 
The present Chapter describes the Fukushima Daiichi Unit 2 nuclear power plant and 
accident progression caused by the earthquake and the consequent tsunami showing the 
major event log. 
The data recorded by the operators during the accident is used to create the assumptions 
used in the RCIC numerical analysis. The analysis considers a two phase flow in the RCIC 
turbine and present several scenarios in order to best estimate the turbine behavior. 
A basic scenario with no turbine degradation shows results that, despite being a numerical 
solution of the equation system, only correspond to subcooled water and it has no fitting 
with the initial assumptions made. 
Other analyses are carried on by including a turbine degradation based on the degradation 
coefficient developed in Chapter 2 using the HEM and NHEM critical flow models. Those 
analyses present, not only a numerical solution but, a realistic solution accorded to the 
assumptions. In this case, once compared, the NHEM results are more accurate due to the 
low quality of the predictions. The NHEM will be the model applied to RELAP/Scdap code 
in future chapters. 
The results are also compared with the predictions of the IAE and present a similar flow 
rates and turbine power behavior. The discrepancy in the results is caused by how the 
degradation coefficient is obtained in both analysis as well as the initial assumptions. 
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Chapter 4 RELAP/ScdapSIM 
The RELAP/ScdapSIM is one of the severe accident codes developed by the U.S. Nuclear 
Regulatory Commission (NRC) to describe the overall reactor coolant system (RCS), fission 
product generation and transport, core damage evolution and thermal-hydraulic response 
in severe accident scenarios.[14]  
The code was initially developed at the Idaho National Laboratory (INL) under the 
sponsorship of the Office of Nuclear Regulatory Research of the NRC as a part of the 
international Scdap development and training program (SDTP). 
The two primary modules of RELAP/Sdap severe accident code are the RELAP5 module, 
acronym for Reactor Excursion and Leak Analysis Program, and the Scdap module, 
acronym for Severe Core Damage Analysis Package. The RELAP5 part takes care of the 
overall RCS thermal-hydraulics, reactor kinetics, non-condensable gases transport and the 
control system interactions calculations. It is based on a two-fluid model solved either by a 
semi-implicit or nearly-implicit numerical processes to allow economical calculations of 
system transients with unequal temperatures and velocities of the different phases. 
On the other hand, the Scdap module is related to the core behavior during a severe 
accident. The module includes calculations for the fuel rod heat-up, deformation and 
rupture, oxidation, fission product generation and transport, Zirconium-Uranium 
interactions, flow and freezing of molten fuel and cladding, and debris formation 
processes. 
The RELAP/ScdapSIM nodalizations are commonly developed by the interaction between 
the different component models that the code includes. Those component models include 
fuel and control rods, pumps (either normal or jet), turbines, ECC mixers, separators, heat 
structures, valves, reactor kinetics, pipes, annulus, and the control logic needed to operate 
all of them. 
Those component models are coupled with special process models which include the 
abrupt area change, form losses, chocked flow, boron tracking and non-condensable gases. 
The data needed to use all of the previous models is widely described in the several user 
manuals of the code. [14][34-36] 
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4.1- Code architecture 
RELAP5 module is based on a modular top-down structure. The three principal blocks 
which englobe all the subroutines, where the models and procedures are located, are the 
input (INPUT), transient/steady-state (TRNCTL), and the stripping (STRIP) as described in 
Figure 4-1. [36] 
 
Figure 4-1 RELAP/ScadpSIM main blocks [36] 
 The INPUT block processes the input. It calls the r-level subroutines to process the 
input cards used in the input deck. The r-level processing mainly consists on 
extracting the data in their format (integer, real, …) and place it into the 
appropriate RELAP5 databases. INPUT block also calls the i-level subroutines to 
check the linkage between the models and initialize them. 
 The transient/steady-state block (TRNCTL) handles both transient and the steady-
state options. It computes the time step advancement based on the time step 
control and all the system properties based on the governing equations of each 
component. If the advancement process is not completed for a given time step 
before the simulated time stipulated in the input block, the simulation ends with 
an error alert. Is in this block where the source code modifications are done and it 
will be deeper described in the following section. 
 The strip block (STRIP) extracts simulation data from a restart plot file for 
convenient passing of RELAP5 simulation results to other computer programs. 
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4.1.1- Transient/steady-state (TRNCTL) block 
The complexity of the advancement block is described in Figure 4-2, the main subroutine 
TRNCTL is divided into three lower level subroutines. First, subroutine TRNSET performs 
the initial procedures for the time advancing calculations and establishes the memory 
space needed for them. Then subroutine TRAN, the driver, controls the advancement of 
the properties of the all the component and processes based on the driving equations. It is 
a high memory demanding process and almost all the computational time is spent here. At 
last, the TRANFIN releases the space for the dynamic data blocks that are no longer 
needed. [36] 
 
Figure 4-2 Transient block main subroutines [36] 
The different modules called at each time step by the subroutine TRANS are listed below. 
[36] 
 The trip system module (TRIP) evaluates logical statements. Each trip statement is 
a simple logical statement that has a true or false result. 
 The equation of state boundary volume module (TSTATE) calculates the 
thermodynamic state of the fluid in each hydrodynamic boundary volume (time-
dependent volume). This subroutine also computes velocities for the time-
dependent junctions. 
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 The heat structure module (HTADV) advances heat conduction/transfer solutions. 
It calculates heat transferred across solid boundaries of hydrodynamic volumes. 
 The hydrodynamics module (HYDRO) advances the hydrodynamic solution. 
 The reactor kinetics module (RKIN) advances the reactor kinetics of the code. It 
computes the power in the reactor by assuming space independent approximation. 
 The control system module (CONVAR) provides the capability of simulating control 
systems typically used in hydrodynamic systems. 
 The time step control module (DTSTEP) determines the time step size, controls 
output editing, and determines whether the transient advancements should be 
terminated. 
The modules relevant for the current research are the hydrodynamic and heat structure 
modules; the hydrodynamic is used to compute the fluid properties through the RCIC 
system components including the turbine and is where the modifications in the code will 
be done, the heat structure module is used in the S/C to simulate the heat exchange 
between the inside and the outside during the torus room flooding sensitive analysis. 
 
4.1.2- Heat structure model 
Heat structures are one of components available in RELAP5 which provide the opportunity 
to calculate the heat transferred across solid boundaries between hydrodynamics volumes. 
The principal modeling heat structures capabilities include the option to reproduce fuel 
pins of plates with nuclear or electrical heating, heat transfer across steam generator 
tubes, and the heat transfer from pipes and vessel walls. [14] 
Heat structures are usually represented by-one dimensional heat conduction in 
rectangular, spherical or electrical geometry. The heat structure is based on a non-
constant spacing mesh system where each different mesh point can have different 
properties providing the capability of simulate complex geometries such as the fuel rod, 
gap and clad with accuracy. The different material thermal conductivities and volumetric 
heat capacities are provided in tabular or functional form either from built-in or user-
supplied data. 
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If internal heat source is used, it can be calculated from the reactor kinetics equations, 
from a power vs time tables or from a control system variable. 
Equation 4.1 describes the integral form of the heat conduction equation used in RELAP5. 
[14] 
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Where: 
k: Is the thermal conductivity. [W/mK] 
s: Is the contact surface. [m2] 
S: Is the internal volumetric heat source [W/m3] 
t: Time [s] 
T: Is the temperature. [K] 
V: Volume. [m3] 
x: Is the space coordinate in the x-axis. [m] 
CpV: Is the volumetric heat capacity. [J/m
3K] 
Regarding the boundary conditions, RELAP includes the capability to reproduce symmetric 
or insulated conditions taking the data from correlation package or user-specified tables 
which relates the thermal properties with time or temperature. In case of a heat structure 
representing the wall between two hydrodynamic volumes (steam generators tubes or the 
S/C with the surrounding room) the correlation packages contains models for convective, 
nucleate boiling, transition and film boiling heat transfer from the wall to water and 
reverse transfer from water to wall, including condensation. 
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4.1.3- Hydrodynamic model 
The RELAP5 hydrodynamic model computes the fluid properties by solving eight field 
equations, one for each of the model primary dependent variables. These primary 
dependent variables are the pressure (P), the phasic specific internal energies (Ug, Uf), the 
void fraction (steam volume fraction) ( g ), the phasic velocities (vg, vf), the non-
condensable gases quality (Xn) which is defined in equation 4.2, and the boron density 
(
b ). The independent variables used for calculation are time (t) and distance (x). [14] 
𝑋𝑛 =
𝑀𝑛
𝑀𝑛 + 𝑀𝑠
                                                                        (4.2) 
Where: 
𝑀𝑛: Is the mass of non-condensable gases. [kg] 
𝑀𝑠: Is the mass of steam. [kg] 
There are also secondary dependent variables used in the field equations, those are; 
phasic densities (
g , f ), phasic temperatures ( gT , fT ), saturation temperature (
ST ), and , 
in case of multiple non-condensable gases, non-condensable specie mass fraction ( niX ) in 
non-condensable gas phase described in equation 4.3. [14] 
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(4.3) 
Where: 
niM : is the mass of the i-th non-condensable in the gaseous phase. [kg] 
nM : is the total mass of non-condensable gas in the gaseous phase. [kg] 
N: is the number of non-condensable. 
The basic field equations for the two-fluid non-equilibrium model consist of two phasic 
mass continuity equations, two phasic momentum equations, and two phasic energy 
equations. 
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4.1.3.1- Mass continuity 
The phasic mass conservation equations are described in equation 4.4 for the vapor and in 
equation 4.5 for the liquid: 
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(4.5) 
 
This equations does not include either flow source or sink, leading to the requirement that 
the liquid generation has to be the negative form of the vapor generation as it is described 
in equation 4.6 in order to accomplish the overall flow continuity 
 0 fg  (4.6) 
   
4.1.3.2- Momentum conservation 
Such as the mass continuity, two momentum equations are used in the hydrodynamic 
model. Equation 4.7 shows the momentum conservation equation for the vapor phase 
meanwhile equation 4.8 shows the momentum conservation equation for the liquid phase. 
[14] 
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(4.8) 
Where: 
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XB : Is the body force 
FIG : Is the vapor phase interface frictional drag. [s-1] 
FIF : Is the liquid phase interface frictional drag. [s-1] 
FWG : Is the vapor phase wall friction drag. [s-1] 
FWF : Is the liquid phase wall friction drag. [s-1] 
The momentum conservation equations used in RELAP5 are based on the one-dimensional 
phasic momentum equation with some assumptions and simplifications; the Reynolds 
stresses are neglected, both phases and interfacial pressures are assumed to be equal 
(except in case of stratified flow), covariance terms, interfacial momentum storage and 
phasic viscous stresses are all neglected. The interface force terms are computed from 
both, pressure and viscous stresses meanwhile the normal wall forces are assumed 
adequately modeled by the variable area momentum flux formation. [14] 
The terms FWG
 
and FWF presented in the momentum equations are part of the wall 
frictional drag, which are linear in velocity, and are products of the friction coefficient, the 
frictional reference area per unit volume, and the magnitude of the fluid bulk velocity. The 
interfacial velocity in the interface momentum transfer term is the unit momentum with 
which phase appearance or disappearance occurs. The coefficients FIG  and FIF  are 
computed by using two different models, drift flux and drag coefficient models, depending 
on the flow regime. 
Analogous to mass conservation equations, the conservation of momentum at the 
interface requires that the force terms associated with interface mass and momentum 
exchange sum to zero as described in equation 4.9. 
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Equations 4.10 and 4.11 show the general assumption that the interface momentum 
transfer due to friction and due to mass transfer independently sum to zero. 
 IfIgI vvv   (4.10) 
 
 FIFIFFIG fgfgffgg    (4.11) 
Where: 
FI: Is the global interfacial friction coefficient 
 
Flow regime map 
If two different phases coexist in the same component, the momentum conservation 
equations are influence by the interphase drag coefficients which depend on the flow 
regime in that component. 
RELAP5 has different flow regimes estates based on the component properties and 
geometry; vertical flow regime, horizontal flow regime, ECC mixer flow regime and 
junction flow regime. In case of the present research, the RCIC turbine is nodalized in 
RELAP5 as a horizontal component. [14] 
The horizontal flow regime map used in RELAP5 is applied to volumes with an elevation 
angle ϴ such that 0<ϴ<450. The map used is similar to the vertical flow regime map and 
consist to 5 different flow regimes; horizontally stratified, bubbly, slug, annular-mist, and 
mist pre-CHF. The flow regimes corresponding to post-CHF are not included in the 
horizontal flow map. [14] 
Figure 4-3 represents the schematic of the horizontal flow regime map with the transition 
between the different regimes based on the velocity, mass flux and void fraction 
increment. 
In the schematic, the flow regime can vary both, horizontally or vertically. Horizontally the 
flow regime depends on the fluid void fraction passing through bubbly, slug, annular mist 
and pre-CHF regimes. 
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Figure 4-3 Horizontal pipe flow regimes [14] 
The minimum void fraction needed for transition between the bubbly and slug regimes 
(𝛼𝐵𝑆) is mainly influenced by the mass flux as can be observed in equation 4.12. 
𝛼𝐵𝑆 = 0.25                          𝐺𝑚 ≤ 2000
𝑘𝑔
𝑚2𝑠
⁄                                                                           (4.12)  
= 0.25 + 0.00025 ∗ (𝐺𝑚 − 2000)          2000 < 𝐺𝑚 < 3000 𝑘𝑔 𝑚
2𝑠⁄                                 
= 0.5                              𝐺𝑚 ≥ 3000 𝑘𝑔 𝑚
2𝑠                                                                                 ⁄  
The minimum void fraction for annular mist flow (𝛼𝐴𝑆) is constant. 
𝛼𝐴𝑆 = 0.8                                                                      (4.13) 
The transition between annular mist flow and slug is a region corresponding to a fluid with 
a void fraction between 𝛼𝐷𝐸 < 𝛼𝑔 < 𝛼𝐴𝑆, where 𝛼𝐷𝐸is defined as a constant by equation 
4.14. 
𝛼𝐷𝐸 = 0.75                                                                   (4.14) 
At last, the final flow regime, the pre-CHF, is reached when the fluid void fraction is almost 
the unity. 
𝛼𝐴𝑀 = 0.9999                                                                 (4.15) 
Vertically, the regime depends on the velocity and the mass flux and the flow rate can 
move from horizontal stratified to the rest of the available regimes. The criterion to define 
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the horizontal stratified regime is based on the one developed by Taitel and Dukler[14]. 
According to the model, the flow regime is horizontal stratified if the vapor velocity is 
lower than a critical velocity, as explained in equation 4.16 
|𝑣𝑔| ≤ 𝑣𝑐𝑟𝑖𝑡                                                                        (4.16) 
Where: 
𝑣𝑐𝑟𝑖𝑡 : Is the gas velocity above which the horizontal interphase waves will grow. [m/s] 
𝑣𝑐𝑟𝑖𝑡 =
1
2
[
(𝜌𝑓 − 𝜌𝑔)𝑔𝛼𝑔𝐴
𝜌𝑔𝐷𝑠𝑖𝑛𝜃
]
1
2
(1 − 𝑐𝑜𝑠𝜃) [𝑚 𝑠⁄ ]                              (4.17) 
Where: 
𝐴: Is the pipe cross-section area. [m2] 
D: Is the pipe diameter. [m] 
𝜃: Is related to the liquid level with respect to the bottom of the volume. [degrees] Figure 
4-4 shows the relationship between the angle and the void fraction [14] 
𝛼𝑔𝜋 = 𝜃 − 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜃                                                            (4.18) 
 
Figure 4-1 𝜃 - 𝛼𝑔 relationship [14] 
 
This initial condition is modified in the RELAP5 code to handle situations where the flow is 
stratified but the liquid is not stagnant as was assumed in the study by Taitel and 
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Dukler[14]. Then, equation 4.16 is modified and the flow is horizontally stratified if the 
phasic velocity difference satisfies the condition expressed in equation 4.19. 
 
|𝑣𝑔 − 𝑣𝑓| ≤ 𝑣𝑐𝑟𝑖𝑡                                                                     (4.19) 
 
The velocity condition described in equation 4.19 is coupled with the requirement of a 
mass flux 𝐺𝑚 ≤ 3000 𝑘𝑔/𝑚
2𝑠⁄  in order to stablish the horizontal stratified flow regime 
boundaries. 
If both conditions are accomplished, the flow undergoes to a horizontal stratified regime, 
if the conditions are not satisfied, the fluid undergoes to a transition to a bubbly, slug, 
annular mist or pre-CHF regimes based on its void fraction. As can be appreciated in Figure 
4-3, the lower transition limits are |𝑣𝑔 − 𝑣𝑓| = 1 2⁄ 𝑣𝑐𝑟𝑖𝑡  and 𝐺𝑚 ≤ 2500 𝑘𝑔/𝑚
2𝑠⁄ . 
Once the flow regime is computed based on the fluid properties, the code selects one of 
the two diferent models availables to calculate the interphase drag coefficients used in the 
momentum equations 4.7 and 4.8; drift flux and drag coefficient models 
 
Drift flux 
The first model available correspond to the drift flux model; an approximation used only in 
the bubbly and slug regimes in vertical flows. The model specified the distribution 
coefficent and the vapor drift velocity. Then, these two quantities must be converted into 
a constitutive relation for the interfacial frictional force per unit volume in order to 
compute the global interfacial friction coefficien (FI). The process to accomplish the 
conversion is divided into two steps.[14] 
 The first one considers the effect of the phasic wall fricitonal force on the relative 
velocity between the vapor and liquid phases 
  The second step computes the iterfacial friction force per unit volume from the 
drift flux parameters 
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Drag coefficient 
The drag coefficient model is the model used to calculated the interphase drag ofrce when 
the drift flux is not used; in all the flow regimes except for the slug and bubbly in vetical 
flows. This model has been included in the code since the early version of RELAP5, when it 
was used for all the regimes, and is based on the correlations for drag coefficients and for 
the computation of  the interfacial area density. [14] 
Equation 4.20 describes the relation for the frictional force between a moving body and 
the surrounding fluid. 
𝐹 =
1
2
𝜌𝑣2𝐶𝐷𝐴 [𝑁]                                                            (4.20) 
Where: 
F: Is the drag force. [N] 
𝜌: Is the fluid density. [kg/m3] 
𝑣: Is the velocity of the body relative to the fluid. [m/s] 
𝐶𝐷: Is the drag coefficient 
A: Is the projected area of the body. [m2] 
If the moving body is constituyed by a group of bodies moving through a fluid (bubbles 
moving through fluid or droplet moving through vapor), the equation 4.20 is modified to 
represent the fricitonal force developed for each body into equation 4.21. 
𝐹𝑖 =
1
8
𝜌𝑐|𝑣𝑔 − 𝑣𝑓|(𝑣𝑔 − 𝑣𝑓)𝐶𝐷𝑆𝐹𝑎𝑔𝑓 = 𝐶𝑖|𝑣𝑔 − 𝑣𝑓|(𝑣𝑔 − 𝑣𝑓)                    (4.21) 
Where: 
𝐹𝑖: Is the force per unit volume of fluid 
𝐶𝑖:  
1
8
𝜌𝑐𝐶𝐷𝑆𝐹𝑎𝑔𝑓 
𝜌𝑐: Density of continuous phase 
𝑎𝑔𝑓: Is the interfacial area per unit volume 
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𝑆𝐹: Is the shape factor 
The additional factor of ¼ between equation 4.20 and 4.21 comes from the conversion of 
the projected area of spherical particles into the interfacial area, meanwhile, the shape 
factor is included to consider the non-spherical particles. Once the perameters of 
continuous density, shape factor, interfacial area density and drag coefficient are found for 
a given regime, the interfacial force is computed using equation 4.21 from which the 
global interfacial friction coefficient (FI) can be calcualted using equation 4.22 assuming 
𝐹𝑖𝑔 = 𝐹𝑖𝑓 = 𝐹𝑖 
𝐹𝐼 =
(
𝐹𝑖𝑔
𝛼𝑔𝜌𝑔
+
𝐹𝑖𝑓
𝛼𝑓𝜌𝑓
)
𝜌𝑚(𝑣𝑔 − 𝑣𝑓)
                                                          (4.22) 
 
4.1.3.3- Energy conservation 
At last, the two phasic thermal energy equations used by the hydrodynamic model are 
described in equation 4.23 and 4.24. 
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(4.24) 
Analogous to the momentum conservation equations, the energy equations are based the 
one-dimensional phasic thermal energy equations with the following simplifications: 
 Reynolds heat flux is neglected  
 Covariance terms are universally neglected (unity assumed for covariance multipliers)  
 Interfacial energy storage is neglected 
 Internal energy storage is neglected 
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The phasic energy dissipation terms, 
gDISS  and fDISS , are the sums of wall friction and 
pump effects. The dissipation effects due to interface mass transfer, interface friction, and 
virtual mass are neglected. This is a reasonable assumption since these terms are small in 
magnitude in the energy equation. In the mass and momentum equations, interface mass 
transfer, interface friction, and virtual mass are important and are not neglected. The wall 
friction dissipations are defined in equations 4.25 and 4.26. [14] 
 
2
gggg FWGvDISS   (4.25) 
and 
 
2
ffff FWFvDISS   (4.26) 
The phasic energy dissipation terms satisfy the relation expressed in equation 4.27. 
 fg DISSDISSDISS   (4.27) 
Where: 
DISS : Is the energy dissipation. When a pump component is present, the associated 
energy dissipation is also included in the dissipation terms. 
 
4.2- RELAP RCIC system nodalization 
RELAP/ScdapSIM has been widely used since its earliest versions to simulate accident 
progression in both, PWR and BWR. Figure 4-5 describes one of the most used BWR 
nuclear power plant nodalization corresponding to the BWR/5 reactor of Laguna Verde 
(Mexico). Laguna Verde input model has been used for preliminary assessments for 
Fukushima accident [37]. 
The Laguna Verde input model was initially developed by CNSNS and it is provided with a 
high level of detail. It represents all the important features of the core, RPV, associated 
emergency cooling systems and the containment. The core is based on a four groups or 
representative BWR assemblies which differ in their properties; burnup histories and 
power levels and the associated control blade/channel boxes. Each group has associated a 
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flow channel to describe the flow within it and an additional flow channel representing the 
flow in the bypass regions outside the channel boxes and surrounding the control blades. 
Figure 4-5 Laguna Verde nodalization [37] 
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Each representative assembly in each group includes a fuel rod bundle, Zircaloy channel 
box and a B4C control blade. Fuel rods and channel box have been created using the 
corresponding Scdap models for fuel rod and channel box/control blade component. The 
corresponding axial and radial peak factors are based on the Fukushima Daiichi records. 
[37] 
Figure 4-6 displays the RCIC function in the Laguna Verde input deck. As can be observed, 
the RCIC system is reduced to a water injection from the upper region of the upper dome. 
The corresponding steam mass flow to the RCIC turbine is included in the MSL and used to 
regulate the amount of water injected by the system described in the figure. 
 
Figure 4-6 Laguna Verde RCIC system nodalization [37] 
This simplification can be affordable in normal accident progression where the RCIC 
system operates in cycles, being open until the water level in the RPV raises enough and 
then being turned off. In F1D2 this simplification is not enough, as explained in Chapter 3, 
the RCIC operated for almost 70h without stopping, taking a major role in the accident 
progression. 
The main reasons why the RCIC is usually simplified can be divided in two: 
 The turbine model: In RELAP5, the turbine model requires a lot of data which is 
usually not available for the user. Despite RELAP/ScdapSIM manuals offer generic 
values for the unknown parameters, the resulting model is quite sensible and can 
easily crash terminating the simulation suddenly. This is the main reason why, as 
can be noticed in the nodalization in Figure 4-5, not only the RCIC turbine but all 
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the turbines are represented by time-dependent volumes instead of turbine 
components. 
 The pump model: The pump model in RELAP5 requires a specific set of parameters 
called the homologous curves which are difficult to compute if the data is not 
available. The RCIC pump and the homologous curves generation will be discusses 
deeply later. 
The RCIC system nodalization created for this study has passed for an iteration process 
having several versions while gaining in complexity and detail. The early version was 
mainly a description of the three basic elements of the RCIC system; RCIC turbine, S/C and 
RCIC pump.  During the iteration process displayed in Figure 4-7, secondary systems such 
as the vacuum breakers to connect the S/C and the drywell, the RHR system and the CST 
were added. Due to the assumptions made of the accident progression, where the torus 
room was considered to be flooded by the tsunami affecting the S/C pressure and 
temperature, a heat exchanger structure was created to simulate the S/C wall in order to 
compute the heat transfer at several outside conditions. 
 
Figure 4-7 Iteration of RCIC system nodalization 
Figure 4-8 shows in detail the final nodalization used to represent the RCIC system。The 
steam is extracted from the MSL region of the RPV represented by the time-dependent 
volume 210; time-dependent volumes are infinite flow volumes used in RELAP5 to 
simulate the entrance and exits of the nodalized system, they are used to establish the 
flow boundary conditions at each time step.  
The steam is moved by the piping system through the turbine stage group represented by 
the actual turbine and the initial/final artificial turbine used only for computational 
porpoises without any kind on effect in the final results []. The steam then, reaches the 
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suppression chamber, represented by an annulus component (A-415) with ten vertical 
nodes. 
 
Figure 4-8 Final version of the RCIC nodalization 
The upper nodes are filled with air, assumed non-condensable gas in RELAP5, while the 
bottom six nodes are filled with water representing the S/C water inventory of around 
3000m3.  
The nodes are used to reproduce the thermal stratification phenomenon that happen in 
the S/C when the hot steam injection interacts with the cold water of the pool. As can be 
observed in Figure 4-7 the number of nodes has been increased from the early iterations, 
the reason behind this decision is to avoid the computation oscillations caused when a 
water node is depleted due to the water extraction and replaced with non-condensable 
gas. As the nodes are larger, the resulting oscillation becomes larger. 
The S/C is connected to the surrounding room (A-416) by a heat structure used to evaluate 
the heat transfer between the inside and outside of the S/C. The reproduction of the heat 
structure has to take into consideration the special shape of the suppression pool; a toroid 
chamber. Since toroid volumes cannot be reproduced in RELAP5 some considerations has 
to be taken in order to obtain accurate simulation results. 
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Figure 4-9 shows how the volume and heat transfer surface continuity that must be 
preserved when a toroid volume is converted into a cylindrical-shape component. In other 
words, each of the nodes has to have the same volume and transfer surface in the RELAP5 
nodalization than they have in the real volume 
 
Figure 4-9 Heat structure volume and area conservation 
The S/C surrounding room, A-416, is also divided into ten vertical nodes and connected to 
a time-dependent volume by a valve. This subsystem is used to simulate the effect of the 
tsunami and can be applied to different water flooding heights. 
The mass is extracted from the S/C by two ways: 
 Cold water is extracted from the bottom node and pumped back to the RPV by the 
RCIC pump (PMP-330). The pump is directly connected to the turbine by a shaft. 
 Once the pressure inside the suppression chamber exceeds the drywell pressure by 
25psia, the vacuum breaker valves are opened to equalize the pressure between them. 
The CST is the last subsystem nodalized, it is represented by a time-dependent volume and 
the amount of water injected to the system is regaled by the CST valve (V-505), regarding 
TEPCO data [], CST of F1D2 injected 1000T during the first 13 hours so the corresponding 
control logic is set up to reproduce that behavior in the simulations. 
Since the RHR system was not operational during the accident, it has been not included in 
the current RCIC nodalization. 
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This current RELAP5 RCIC nodalization is able to work either being connected to a larger 
nodalizaion such as the Laguna Verde NPP shown in Figure 4-5 or alone. 
To work alone only up to three variables are needed to run the simulation; the RPV 
pressure, the MSL flow quality and, optionally, the RPV temperature. Those values are 
used as boundary conditions in volumes TDV-210 and TDV-245. This kind of simulations 
have the benefit of being faster than the ones including more complex input decks and in 
cases where the RPV pressure profile is available such as the F1D2 accident progression. 
 
4.3- RELAP code modifications 
The modifications presented in this chapter will be applied into the RELAP5 turbine model 
in order to improve the model performance under two-phase flow scenarios. The 
modifications are the turbine degradation coefficient developed in Chapter 2 and the 
steam flashing phenomenon. 
 
4.3.1- Turbine degradation coefficient 
The NHEM turbine degradation coefficient developed in Chapter 2 and described in 
equation 2.26 will be applied into the turbine power calculation. In RELAP5, the turbine 
power is computed in the turbst.ff subroutine which is included in the vexp.ff and vimp.ff 
subroutines which, at the same time, are part of the hydrodynamic model. 
The previous volume continuity equations presented early in this chapter are used for the 
stage group, assuming a nozzle throat area for the inlet and the last stator nozzle throat 
discharge area for the outlet. Unlike, mass and energy continuity equations, the 
momentum conservation equations in the turbine component are modified by the work 
extracted in the rotating blades system of each stage group.  
The development of these modified equations is started assuming a steady-state total 
energy balance for a homogeneous fluid passing through the volume, as described in 
Figure 4-10, and then, that general equation is extended to be used for the two-fluid 
system. 
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Equation 4.28 represents the total energy balance between the inlet (1) and outlet (2) 
(Figure 4-10) cross-sections in a steady-state situation. [14][35] 
 
Figure 4-10 Turbine stages diagram [14] 
 
[𝜌𝑣𝐴 (
1
2
𝑣2 + ℎ)]
1
= [𝜌𝑣𝐴 (
1
2
𝑣2 + ℎ)]
2
+ (𝜌𝑣𝐴)1𝑊                          (4.28) 
 
 
Where: 
𝜌: Is the density. [kg/m3] 
𝑣: Is the velocity. [m/s] 
ℎ: Is the enthalpy. [J/kg] 
𝐴: Is the cross-sectional area. [m2] 
𝑊: Is the shaft work per mass flow rate extracted from the fluid. [W] 
In this ideal situation the heat loss is neglected and, for continuity considerations, 𝜌𝑣𝐴 is 
considered constant. Diving equation 4.28 by 𝜌𝑣𝐴 the energy balance is converted into an 
equivalent force balance (power=force x velocity) as displayed in equation 4.29. 
1
2
𝑣2
2 −
1
2
𝑣1
2 = −(ℎ2 − ℎ1) − 𝑊                                               (4.29) 
103 
 
In the ideal isentropic process, if the external heat loss and internal dissipation are 
neglected, the enthalpy difference is equal the specific volume times the pressure 
difference (𝑑ℎ = 1 𝜌⁄ 𝑑𝑝). [14][35] 
ℎ2 − ℎ1 =
1
𝜌
(𝑝2 − 𝑝1)                                                      (4.30) 
The actual work produced per unit of mass flow by the fluid as the momentum changes is 
calculated as an efficiency factor times the isentropic enthalpy change across the stage as 
described in equation 4.31. [14][35] 
𝑊 = −𝜂 ∫ 𝑑ℎ
𝑆=𝑐𝑜𝑛𝑠𝑡
= −𝜂 ∫
1
𝜌
𝑑𝑝
𝑆=𝑐𝑜𝑛𝑠𝑡
 [𝑊 𝑘𝑔𝑠−1⁄ ]                               (4.31) 
Where: 
𝜂: Is the stage goup efficiency 
If constant efficiency and density are assumed for each stage group, equation 4.31 can be 
approximated as displayed in equation 4.32. 
𝑊 = −𝜂
1
𝜌
∆𝑝 [𝑊 𝑘𝑔𝑠−1⁄ ]                                                     (4.32) 
In the unmodified RELAP5 turbine model, when equations 4.30 and 4.32 are substituted 
into equation 4.29 the resulting equation (equation 4.33) corresponds to the momentum 
equation for the analyzed steady-state case. Equation 4.33 shows that only a small fraction, 
corresponding to (1- 𝜂), of the pressure gradient contributes to changes in the fluid kinetic 
energy. The larger fraction, 𝜂, of the pressure gradient results in turbine work. 
1
2
𝑣2
2 −
1
2
𝑣1
2 = − (
1 − 𝜂
𝜌
) (𝑝2 − 𝑝1)                                                 (4.33) 
If the momentum conservation equation for the steady-state is expanded to contemplate 
two-phase fluid scenarios, the resulting momentum equation for each phase will be as the 
formulas described, in differential form, in equations 4.34 (for the vapor) and 4.35 (for the 
liquid). 
(𝛼𝑔𝜌𝑔) (
𝑑𝑣𝑔
𝑑𝑡
+ 𝑣𝑔
𝑑𝑣𝑔
𝑑𝑥
) = −𝛼𝑔(1 − 𝜂)
𝑑𝑝
𝑑𝑥
− 𝛼𝑔𝜌𝑔𝐻𝐿𝑂𝑆𝑆𝐺𝑣𝑔 − 𝛼𝑔𝜌𝑔𝐹𝐼𝐺(𝑣𝑔 − 𝑣𝑓)(4.34) 
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(𝛼𝑓𝜌𝑓) (
𝑑𝑣𝑓
𝑑𝑡
+ 𝑣𝑓
𝑑𝑣𝑓
𝑑𝑥
) = −𝛼𝑓(1 − 𝜂)
𝑑𝑝
𝑑𝑥
− 𝛼𝑓𝜌𝑓𝐻𝐿𝑂𝑆𝑆𝐿𝑣𝑓 − 𝛼𝑓𝜌𝑓𝐹𝐼𝐿(𝑣𝑓 − 𝑣𝑔)(4.35) 
Where: 
𝐻𝐿𝑂𝑆𝑆𝐺, 𝐻𝐿𝑂𝑆𝑆𝐿: Are vapor and liquid frictional losses. [m/s] 
The model modification will take place once the turbine power is computed. This way, 
equation 4.32 will be modified with the NHEM degradation coefficient displayed in 
equation 2.26. Equation 4.36 shows the turbine power calculated with the inclusion of the 
new parameter. 
𝑊′ = 𝑊𝜂𝑁𝐻𝐸𝑀 → 𝑊′ = [−𝜂 ∫
1
𝜌
𝑑𝑝
𝑆=𝑐𝑜𝑛𝑠𝑡
] 𝜂𝑁𝐻𝐸𝑀 [𝑊 𝑘𝑔𝑠−1⁄ ]                       (4.36) 
Where: 
𝜂𝑁𝐻𝐸𝑀: −0.623𝑥2 + 1.357𝑥 + 0.248 
Then equation 4.36 will be rewritten to consider the new parameter 
1
2
𝑣2
2 −
1
2
𝑣1
2 = − (
1 − 𝜂 ∗ 𝜂𝑁𝐻𝐸𝑀
𝜌
) (𝑝2 − 𝑝1)                                    (4.37) 
Analogously, the momentum conservation equations presented in equations 4.34 and 4.35 
are modified considering the NHEM turbine degradation. 
(𝛼𝑔𝜌𝑔) (
𝑑𝑣𝑔
𝑑𝑡
+ 𝑣𝑔
𝑑𝑣𝑔
𝑑𝑥
) =                                                                                                      
−𝛼𝑔(1 − 𝜂 ∗ 𝜂𝑁𝐻𝐸𝑀)
𝑑𝑝
𝑑𝑥
− 𝛼𝑔𝜌𝑔𝐻𝐿𝑂𝑆𝑆𝐺𝑣𝑔 − 𝛼𝑔𝜌𝑔𝐹𝐼𝐺(𝑣𝑔 − 𝑣𝑓)             (4.38) 
(𝛼𝑓𝜌𝑓) (
𝑑𝑣𝑓
𝑑𝑡
+ 𝑣𝑓
𝑑𝑣𝑓
𝑑𝑥
) =                                                                                     
−𝛼𝑓(1 − 𝜂 ∗ 𝜂𝑁𝐻𝐸𝑀)
𝑑𝑝
𝑑𝑥
− 𝛼𝑓𝜌𝑓𝐻𝐿𝑂𝑆𝑆𝐿𝑣𝑓 − 𝛼𝑓𝜌𝑓𝐹𝐼𝐿(𝑣𝑓 − 𝑣𝑔)              (4.39) 
Generally, there are several guidelines used for turbine calculations in RELAP5 that have to 
be considered. 
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 Generally, due to the low amount of water in the turbine it is recommended to use 
the homogeneous option in all axial junctions. If it is desired, the condensation 
effect can be included in the stage efficiency 
 The fluid path through the turbine is very tortuous making the wall friction 
meaningless. Wall friction in turbine should be set at 0, if it is desired, the wall 
friction can be included in the user-specified form loss 
 The area changes in a turbine are gradual, so the smooth junction option should be 
used 
In RELAP5, the efficiency coefficient that appears in the equations 4.31 to 4.39 can be 
computed by using three different models depending on the data available. Those 
formulas affect the simulated turbine output power and will be discusses deeper in the 
next chapter along with the sensitivity analysis. 
As observed in Chapter 2, the turbine torque and power are related by the Euler equation. 
In RELAP5, the torque is computed by the formula displayed in equation 4.40 
𝜏 = (𝜌𝑣𝐴)𝑊
𝑅
𝑣𝑡
= (𝜌𝑣𝐴)
𝜂
𝜌
(𝑝2 − 𝑝1)
𝑅
𝑣𝑡
 [𝑁𝑚]                                (4.40) 
Where: 
𝑅: Is the mean stage radius at the nozzle. [m] 
𝑣𝑡: Is the tangential or rim velocity of the moving blades. [m/s] 
With the modification to include the turbine degradation, equation 4.40 becomes 
𝜏 = (𝜌𝑣𝐴)𝑊′
𝑅
𝑣𝑡
= (𝜌𝑣𝐴)
𝜂 ∗ 𝜂𝑁𝐻𝐸𝑀
𝜌
(𝑝2 − 𝑝1)
𝑅
𝑣𝑡
 [𝑁𝑚]                     (4.41) 
 
4.3.2- Steam Flashing 
Steam flashing, or flash evaporation, is a phenomenon that occurs when saturated liquid 
flow at high pressures is discharged into a low pressure volume by passing through a 
throttling valve or equivalent device.  If the liquid is a single-component liquid such as 
water, a fraction of it directly flashes into vapor. [38] 
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There is the assumption, made by some of the investigation reports [24], that the liquid 
phase suffered the process when moving through the RCIC turbine during the F1D2 
accident. This phenomenon drastically increases the flow quality and eventually influences 
on the power developed by the turbine; if the both, turbine degradation and steam 
flashing are considered, the developed power by the turbine is higher than if only the 
degradation coefficient is applied. 
The amount of steam generated by the steam flashing can be easily deduced based on the 
upstream and downstream conditions (RPV and S/C in case of the RCIC turbine) as it is 
displayed in equation 4.42. 
𝑤 =
(ℎ𝑖𝑙 − ℎ𝑓𝑙)
ℎ𝑓𝑒
                                                                (4.42) 
Where: 
𝑤: Is the ratio of flash vapor generated [kg of vapor/kg of condensate] 
ℎ𝑖𝑙: Is the initial liquid enthalpy (upstream conditions). [kJ/kg] 
ℎ𝑓𝑙: Is the final liquid enthalpy (downstream conditions). [kJ/kg] 
ℎ𝑓𝑒: Is the final evaporation enthalpy (downstream conditions). [kJ/kg] 
Observing the equations used in the turbine model in RELAP5, there is no information 
about the possibility of phase change due to the expansion suffered by the fluid. The 
change in the quality will modify the liquid and vapor void fractions and, consequently, 
affect the momentum equations described in equations 4.34 and 4.35. In case to consider 
both, degradation and steam flashing, the modifications will also affect the degradation 
coefficient itself. 
Assuming that the initial quality of a fluid is 𝑥 = 𝑀𝑔 𝑀𝑡⁄  where Mg is the initial vapor mass 
and Mg is total initial fluid mass, after the expansion, the quality changes to 𝑥′ = 𝑀𝑔
′ 𝑀𝑡
′⁄  
where Mg
’ and Mg
’ are the vapor and total masses after the flashing. Then, assuming mass 
conservation where Mt
’= Mt, the relationship between the initial and final qualities can be 
calculated. 
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𝑀𝑔
′
𝑥′
=
𝑀𝑔
𝑥
→
(𝑀𝑔 + 𝑤𝑀𝑤)
𝑥′
=
𝑀𝑔
𝑥
→ 𝑥′ = 𝑥
(𝑀𝑔 + 𝑤𝑀𝑙)
𝑀𝑔
→                                                  
→ 𝑥′ = 𝑥
(𝑀𝑔 + 𝑤(𝑀𝑡−𝑀𝑔))
𝑀𝑔
→  𝑥′ = 𝑥
(𝑀𝑔 + 𝑤(
𝑀𝑔
𝑥 −𝑀𝑔))
𝑀𝑔
→  𝑥′ = 𝑥 + 𝑤 − 𝑤𝑥(4.43)  
Where: 
𝑀𝑙: Is the initial liquid mass. [kg] 
𝑤: Is the ratio of flash vapor generated [kg of vapor/kg of condensate] 
Generally, the void fraction is computed using the quality-void fraction relationship by 
equation 4.44. 
𝑉𝑔𝜌𝑔 = 𝑀𝑔 → 𝛼𝑔𝑉𝑡𝜌𝑔 = 𝑥𝑀𝑡 → 𝛼𝑔 = 𝑥
𝜌𝑡
𝜌𝑔
                                    (4.44) 
Where: 
𝑉𝑔: Is the vapor volume. [m
3] 
𝑉𝑡: Is the volume of the fluid. [m
3] 
𝜌𝑡: Is the density of the fluid. [kg/m
3] 
The void fraction change due to the steam flashing evaporation is described in equation 
4.45 rearranging equations 4.44 and 4.43 
𝛼𝑔
′ = 𝑥′
𝜌𝑡
𝜌𝑔
→ 𝛼𝑔
′ = (𝑥 + 𝑤 − 𝑤𝑥)
𝜌𝑡
𝜌𝑔
→ 𝛼𝑔
′ = 𝛼𝑔 + 𝑤
𝜌𝑡
𝜌𝑔
− 𝑤𝛼𝑔             (4.45) 
 
4.4- RCIC Pump 
Unlike the turbine, in the RCIC pump there is no two-phase flow study to be done, the 
pump is always pumping water unless the S/C or the CST are completely depleted during 
the operation time. 
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On the other hand the pump requires a specific set of data called the homologous curves 
in order to be simulated by RELAP/Scdap with precision. The main objective of this section 
it to generate those curves from the RCIC specification data from Table 1-1 
 
4.4.1- Description 
The RCIC pump is a horizontal, turbine-driven, single stage, centrifugal impulse pump. The 
centrifugal pump is one of the most used types of pump around the world. The principle 
behind is really simple, well-described and widely tested, the resulting pump is robust, 
effective and relatively cheap to produce. Despite the wide range of variations on the basis 
of the centrifugal pump, all of them have the same basic hydraulic parts. [39] 
The basic principle behind the centrifugal pump is the increment of the fluid pressure due 
to the increment in its velocity caused by the centrifugal force; the fluid flows from the 
inlet to the impeller center and out along its blades receiving the mechanical energy 
generated by the motor (turbine in case of RCIC) through the rotating impeller. Figure 4-11 
[40] shows an example of the fluid path.  
 
Figure 4-11 Flow path [40] 
Figure 4-12 [41] Shows a cutaway view of a centrifugal pump where the common hydraulic 
elements of a centrifugal pump can be observed. The main hydraulic elements of this type 
of pump are listed below. [39-40] 
 Inlet/outlet flanges: the pump is usually connected to the piping system through its 
inlet and outlet flanged which design depends on the pump purpose. If the pump is 
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already submerged in the fluid the inlet flange can be removed. The main function 
of the inlet flange is to guide the fluid to the center of the impeller (impeller eye). 
The inlet depends of the pump design being the most common ones the inline, 
endsuction, doublesuction and inlet for submersible pumps.  
 Impeller: The key element, the impeller transferees the mechanical energy from 
the motor to the fluid converting it into kinetic energy and pressure increment. 
The fluid is sucked into the impeller at the impeller eye and moved in the radial 
axis through the impeller channels formed by the blades between the shroud and 
the hub. The design of the impeller is based on the pressure, flow rate and 
application specifications being the primary element determining the overall pump 
performance. The simply change of the impeller changes completely the pump; 
radial impellers are those which outlet diameter is larger than the inlet meanwhile 
the axial are those where both diameters are the same.  
Another critical factor in the impeller performance, and eventually the overall 
pump, is the number of blades which depends on the requested performance and 
noise as well as the solid particle seize in the fluid. Impellers with 5-10 blades are 
usually applied to non-particles fluid while impellers with 2, 3, and 4 are used for 
high density solid particles fluid such waste water.  
 Coupling and drive: In the RCIC the pump impeller is connected to the steam 
turbine by a shaft creating a weak point due to the difficult of sealing a rotating 
shaft. In the RCIC system the coupling corresponds to a dry runner pump where 
the turbine and pump are separated by a long shaft and seal.  
 Impeller seal: this seal is mounted in order to prevent a leakage in the gap 
between the rotating impeller and the static housing when the pump is under 
operation. The leak ratio depends on the design of the gap and the impeller 
pressure increment specifications. Since the leak flow will return to the impeller 
eye, the impeller has to pump both, the leak and the main flow.  
 Cavities and axial bearings: Depending on the impeller design, the volume of the 
cavities will vary affecting the flow around the impeller and capability of the pump 
to handle small particles such sand and dust. The impeller rotation generated two 
types of flows in the cavities; primary and secondary that can be observed in 
Figure 4-13 [39]. These flows affect the pressure distribution on the outside of the 
impeller hub and shroud affecting the axial thrust (sum of all the forces in the axial 
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axis). The absorption of the axial thrust is the main objective of the axial bearings 
in order to ensure the balance of the impeller.  
 
Figure 4-13 Primary and secondary flows at the impeller [39] 
 Volute casing, diffuser and outlet flange:  The main function of the volute casing is 
to collect the fluid from the impeller and drive it into the outlet flange. The volute 
casing converts the dynamic pressure into static pressure using the diffuser; the 
gradually velocity reduction along with the cross sectional area increment.  
Since the RCIC pump is a single stage it does not have a return channel and outer sleeve 
which are mainly used in multistage pumps to move the fluid from the outlet of the last 
stage to the outlet flange. 
 
Figure 4-12 Centrifugal pump cutaway view [41] 
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Specific speed parameter 
As mentioned before, the impeller is the key element that modifies the overall pump 
performance making its identification mandatory. To classify the pumps depending on 
their impeller the specific speed (𝑁𝑞[min
-1]) is used, a model number based on the 
designed values of speed, volumetric flow rate and head. The equation used is. [39] 
𝑁𝑞 = 𝑁𝑟 ∗
𝑄𝑟
0.5
𝐻𝑟
0.75                                                              (4.46) 
Where: 
𝑁𝑟: is the design value of rotational speed [min
-1] 
𝑄𝑟: is the design value of volumetric flow rate [m
3/s] 
𝐻𝑟: is the design value of pump head [m] 
Using this parameter not only the impeller geometry can be deduced but also the main 
curves can be predicted. Figure 4-14 shows the impeller classification as a function of the 
specific speed parameter 
Pumps with low specific speed have a radial-shaped impeller with a much large difference 
between the outer and inner diameter. The corresponding head curves (QH curves) are 
relatively flat and the power curves are positives in the entire flow area 
On the contrary, high 𝑁𝑞 pumps, correspond to an axial impeller having both, inlet and 
outlet diameter, of a similar size and small compared to the width of the impeller. The 
head curves are usually descending and have the tendency to create saddle points. Its 
performance decreases along with the flow increment. [39] 
Applying equation 4.46 into the RCIC pump using the values found in Table 1-1 as design 
values for the speed, flow and head the impeller configuration can be deduced resulting 
into a radial-shaped impeller. 
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Figure 4-14 Impeller classification [39] 
 
4.4.2- Performance curves 
The performance curves are a set of curves which provide information about the pump 
behavior at a wide range of volumetric flow rates and are used by the customer to select 
the pump which meets his requirements for a given application. 
The curves provide information about the power, the head, the Net Pump Suction Head 
(NPSH) and the efficiency and are a vital part of the design specifications. Similar curves 
showing the axial and radial thrust are used for bearing design. 
With the specific speed parameter, the performance curves can be roughly estimated but 
that is not enough, in order to simulate correctly the RCIC pump in RELAP/Scdap code, the 
exact head curves must to be calculated with precision. 
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Head-flow performance curve (QH curve) 
The most important data for the present study corresponds to the head curve (QH) which 
is usually provided by the manufacturer, unfortunately the RCIC pump QH curve data is 
not available so it has to be created from the RCIC specification data shown in Table 1-1 
which, for convenience, has also been included in this chapter (see Table 4-1) 
Table 4-1 RCIC specification data [6] 
 
 The QH curve shows the head-flow behavior at a given rotational speed; once the pump is 
started and runs with constant speed, the head starts at maximum value when the flow is 
0 (Q=0) and gradually decreases as much as the flow rate increases until a minimum value 
of 0 (Q=max). 
In most of the cases, the pressure difference through the pump is measured and the head 
(H) is calculated using equation 4.47 
𝐻 =
∆𝑝𝑡
𝜌 ∗ 𝑔
 [𝑚]                                                                (4.47) 
Where: 
∆𝑝𝑡: Total pressure difference between inlet and outlet [Pa] 
𝜌: Density of the fluid [kg/m3] 
g: Gravity acceleration [m/s2] 
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Despite it seems that the H calculation depends on the fluid density it has been proved 
that the results using different fluids will obtain the same results; the head only depends 
on the geometry and speed. 
∆𝑝𝑡 is the total pressure difference created in the pump which can be divided into three 
different components; the static pressure difference ∆𝑝𝑠𝑡𝑎𝑡𝑖𝑐 , the dynamic pressure 
difference ∆𝑝𝑑𝑦𝑛 and the geodetic pressure difference ∆𝑝𝑔𝑒𝑜. [39-40] 
∆𝑝𝑡 = ∆𝑝𝑠𝑡𝑎𝑡𝑖𝑐 + ∆𝑝𝑑𝑦𝑛 + ∆𝑝𝑔𝑒𝑜  [𝑃𝑎]                                                (4.48) 
The static pressure difference can be measured directly with a differential pressure sensor, 
or a pressure sensor can be placed at the inlet and outlet of the pump. In this case, the 
static pressure difference can be found by the following equation. [39-40] 
∆𝑃𝑠𝑡𝑎𝑡𝑖𝑐 = 𝑝𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑝𝑖𝑛𝑙𝑒𝑡 [𝑃𝑎]                                                       (4.49) 
The dynamic pressure is generated due to the difference in the kinetic energy per unit of 
volumetric flow between the inlet and outlet. [39-40] 
∆𝑝𝑑𝑦𝑛 =
1
2
𝜌𝑉𝑜𝑢𝑡
2 −
1
2
𝜌𝑉𝑖𝑛
2 [𝑃𝑎]                                        (4.50) 
In practice, the dynamic pressure and the flow velocity before and after the pump are not 
measured during test of pumps. Instead, equation 4.51 describes how the dynamic 
pressure difference can be calculated as a function of the flow rate (Q) using the 
inlet/outlet diameter. [39-40] 
∆𝑝𝑑𝑦𝑛 =
1
2
𝜌 (
𝑄
𝜋 4⁄
)
2
(
1
𝐷𝑜𝑢𝑡
4 −
1
𝐷𝑖𝑛
4) [𝑃𝑎]                               (4.51) 
If the diameter does not change the dynamic pressures difference is 0. 
The geodetic pressure is simply the height difference between the outlet and inlet gauges. 
If the height is 0, the geodetic pressure is neglected. The geodetic pressure difference is 
zero when a differential pressure gauge is used for measuring the static pressure 
difference. The geodetic pressure difference can be calculated using the following 
expression. [39-40] 
∆𝑝𝑔𝑒𝑜 = ∆𝑧𝑔𝜌 [𝑃𝑎]                                                          (4.52) 
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Combining equations 4.48 to 4.52, the equation 4.47 can be rearranged into the following 
expression. [39-40] 
𝐻 =
∆𝑝
𝜌𝑔
+ ∆𝑧 +
1
2
𝜌 (
𝑄
𝜋
4
)
2
(
1
𝐷𝑜𝑢𝑡4
−
1
𝐷𝑖𝑛4
) (𝑚)                          (4.53) 
Assuming a constant geometry no matter the system conditions, the diameters multiplying 
the flow rate can be gathered in a constant parameter (c). Then, equation 4.53 becomes.  
1
2
𝜌 (
1
𝜋
4
)
2
(
1
𝐷𝑜𝑢𝑡4
−
1
𝐷𝑖𝑛4
) = 𝑐 → 𝐻 =
∆𝑝
𝜌𝑔
+ ∆𝑧 + 𝑐𝑄2  (𝑚)               (4.53) 
Using the data from Table 4-1, the only unknown parameters are c and ∆𝑧. Despite two 
operation points are described in Table 4-1 (low pressure and high pressure conditions) 
they cannot be used directly since their rotational speed is different. Prior to QH curve 
calculation, the affinity equations related with the control velocity need to be used. 
 
Speed control 
The pump can be controlled by regulating the pump rotational speed, then the QH, power 
and NPSH curves are changed. How the performance curves change due to the speed 
regulation con be calculated by the application of the affinity equations which are based 
on the constant proportion of the velocity triangles occurred during the geometrical 
scaling [39]. 
The affinity equations are the following for flow rate (Q), head (H), power (P) and NPSH  
𝑄𝐵 = 𝑄𝐴 (
𝑁𝐵
𝑁𝐴
) [𝑚3 𝑠⁄ ]                                                       (4.54) 
𝐻𝐵 = 𝐻𝐴 (
𝑁𝐵
𝑁𝐴
)
2
 [𝑚]                                                            (4.55) 
𝑃𝐵 = 𝑃𝐴 (
𝑁𝐵
𝑁𝐴
)
3
 [𝑊]                                                             (4.56) 
𝑁𝑃𝑆𝐻𝐵 = 𝑁𝑃𝑆𝐻𝐴 (
𝑁𝐵
𝑁𝐴
)
2
 [𝑚]                                                   (4.57) 
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Index A in the equations describes the initial values, and index B describes the modified values. 
The equations provide coherent points on an affinity parabola in the QH graph. Figure 4-15 
shows a generic affinity parabola with the corresponding coherent points between three 
different rotational velocities 
 
Figure 4-15 Affinity parabola 
Applying the affinity equations 4.54 to 4.57 in conjunction with the QH (4.53)curve 
formula to the RCIC specification data, the QH curve corresponding to the design RCIC 
pump data described in Table 4-1 is shown in Figure 4-16 . The blue dotted line 
corresponds to the 26kg/s mark, making the intersection with both curves the operation 
points described in the specification sheet 
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Figure 4-16 F1D2 RCIC pump QH curves 
Net Pump Suction Head curve 
NPSH is a term related with the cavitation, the phenomenon where small vapor bubbles 
are created due to local pressure drop. Those small bubbles collapse upon hitting the 
blades causing deterioration; it is an undesired and harmful effect that has to be avoided. 
The extent of cavitation depends on how low the pressure is in the pump and it usually 
generates noise and vibration starting from the point where the pressure in the pump is 
lowest, generally the blade edge at the impeller inlet.  
The NPSH is also measured in meter like the pump head and can be divided in two types; 
the available (NPSHa) which is estimation about how close the fluid in the inlet is to the 
vaporization and the required (NPSHR) which is an expression of the lowest NPSH value 
required for acceptable operating conditions. [39] 
NPSHa can be calculated using the following equation [39] 
𝑁𝑃𝑆𝐻𝑎 =
𝑝𝑖𝑛
𝜌𝑔
+
𝑣2
2𝑔
−
𝑝𝑣𝑎𝑝
𝜌𝑔
 [𝑚]                                                 (4.58) 
Where: 
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𝑝𝑖𝑛: Is the pressure at the inlet [Pa] 
𝑣: is the inlet fluid velocity [m/s]  
𝑝𝑣𝑎𝑝: The vapor pressure of the fluid at the present temperature [Pa] 
If the pump geometry data is not available, the inlet velocity (𝑣) can be found first using 
the shut-off head formula described in equation 4.59 to find the outer diameter of the 
impeller (Dout) and then use the Din/Dout proportion shown in Figure 4-14 for the 
corresponding impeller geometry 
𝑆ℎ𝑢𝑡 𝑜𝑓𝑓 𝐻𝑒𝑎𝑑 = (0.012𝐷𝑜𝑢𝑡𝑁)
2 [𝑚]                                         (4.59) 
Where: 
Shut-off head: Is the maximum head achievable at a given rotational speed (when Q=0) 
[m] 
𝐷𝑜𝑢𝑡: Is the impeller outer diameter [m] 
𝑁: is the pump rotational speed [rpm] 
Figure 4-17 shows the NPSHa for the RCIC pump at 4500rpm  
 
Figure 4-17 F1D2 RCIC pump NPSH curve 
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NPSHr is always lower than NPSHa. A minimum safety margin of 0.5 m is recommended but 
it can vary in function of the application requirements. 
The effect of cavitation can be reduced or avoided by: [39-40] 
 Lowering the pump level compared to the water level 
 Increasing the system pressure (only for closed systems) 
 Shortening the suction line to reduce the friction loss 
 Increasing the suction line area in order to reduce the fluid velocity and friction 
 Avoiding bends and other obstacles in the suction line preventing pressure drops 
 Lowering the average fluid temperature to reduce the vapor pressure 
 
4.4.3- Pump homologous curves generation 
As mention before, the objective of the chapter is the generation of the homologous 
curves, an input requirement for RELAP/Scdap code. The complication of the homologous 
curve generation process is one of the main reasons why the common BWR nodalizations 
in RELAP does not include a detailed RCIC system nodalization because, despite 
RELAP/Scdap already has the homologous curves corresponding to several pumps included 
in its own source code, unfortunately, the RCIC pump is not one of them. [34] 
In a random pump, its interaction with the fluid is described by empirically generated 
curves relating the pump head and torque to the volumetric flow rate and rotational 
velocity. The performance curves previously described in this chapter are frequently 
referred to as four-quadrant curves (despite only the first quadrant is usually used) and 
present the pump information in terms of pump head (H), flow rate (Q), torque (τ) and 
rotational speed (N). Usually, the data is plotted using the Q and N as axis with lines of 
constant H or τ 
The four quadrants are also called regime mode regions. 
 If both, speed and flow are positives (+Q/+N): normal pump regime mode 
 If negative speed with positive flow (+Q/-N): reverse pump regime mode 
 If negative flow with positive speed (-Q/+N): dissipation regime mode 
 If both, speed and flow are negatives (-Q/-N): turbine regime mode 
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Figure 4-18 show the head first quadrant (normal pump regime mode) of the RCIC pump 
obtained using the previous calculated QH curve and the data from Table 4-1 
 
Figure 4-18 Pump head first quadrant map  
The same process can be applied to find the torque data as it is shown in Figure 4-19 
 
Figure 4-19 Pump torque first quadrant map 
This data is used in RELAP/ScdapSIM in a more condensate form, called homologous 
curves, where the different parameters are converted to non-dimensional ratios (head 
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ratio, flow ratio, velocity ratio and torque ratio) by dividing them by the corresponding 
rated values. The rated values are also required in the input deck and correspond to the 
design values or the maximum efficiency values. [34] 
In RELAP/Scdap, the homologous curves are entered in tabular form forming couples of 
values, being the dependent variable obtained as a function of the independent variable. 
The curve is generated using those pairs of values along with a table search and linear 
interpolation scheme. 
There is two separate sets of curves, corresponding to head and torque, and each set is 
divided in four-quadrant of two curves resulting in eight curves, also named octants, for 
both, head an torque.  
Not all the curves musty be entered in the input deck but the simulation will end if the 
pump moves to an octant not specified in the input. 
As mention before, the four-quadrant pump head and torque maps from Figure 4-18 and 
Figure 4-19 are converted into the homologous curves in two steps. First the values 
become dimensionless by using the rated values applying the following equations. [34] 
ℎ =
𝐻
𝐻𝑟
       𝑎 =
𝑁
𝑁𝑟
         𝑣 =
𝑄
𝑄𝑟
    𝑏 =
𝜏
𝜏𝑟
                                           (4.60)  
The rated values for the head, flow and speed are taken from Table 4-1. Note, however 
that the table does not include the rated value for torque. The corresponding rated value 
(𝜏𝑟) can be obtained by using the hydraulic power transferred to the fluid by the pump, as 
shown in equation 4.61 
𝜏 =
30 ∗ 𝑃ℎ𝑦𝑑
𝜋𝑁
[𝑘𝑁 ∗ 𝑚]                                                            (4.61) 
Where: 
𝑃ℎ𝑦𝑑: is the hydraulic power tranferred to the fluid [kW] 
𝑃ℎ𝑦𝑑 =
𝜌𝑄𝐻
3,6 ∗ 106
 [𝑘𝑊]                                                            (4.62) 
Once the values have been reduced to non-dimensional parameters they are plotted in 
terms of the dimensionless independent parameter a/v or v/a and the dependent 
parameter h/a2 or h/v2 for head or b/a2 or b/v2 for torque. The independent and 
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dependent parameters used for plotting depends of which octant is being plotted. The 
different configurations are shown in Table 4-2 
 Each of the octants is named using a three letters code being the first one the 
corresponding to which kind of octant is being plotted; head (H) or torque (B), the second 
letter corresponds to the independent variable used; flow (V) or speed (A). The last letter 
is referred to the regime mode; Normal, Dissipation, Turbine or Reverse [34] 
Figure 4-20 shows the resulting RCIC pump head homologous curves of the first quadrant 
octants (HAN and HVN) 
 
 
Figure 4-20 Pump head homologous curves 
On the same way, Figure 4-21 shows the torque homologous curves of the two octants 
(BAN and BVN) 
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Figure 4-21 Pump torque homologous curves 
Figure 4-2 Homologous curves configurations [34] 
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4.5- Summary 
In this chapter, the RELAP/ScdapSIM severe accident code has been presented. The code is 
based into different modules, the RELAP5 which is related with the thermal-hydraulics and 
the Scdap which is related to the radionuclide behavior. RELAP5 module presents a 
modular top-down architecture based on consequent levels of specific subroutines. 
The problems with the current RCIC nodalizations force the creation of a brand new 
nodalization for the RCIC. The nodalization has pass through an iteration process from the 
initial simplified approximations to the final version, which includes all the relevant 
secondary systems as well as the control logic to simulate the F1D2 accident progression. 
The nodalization used has the property of being able to perform simulations either being 
connected to an RPV such the Laguna Verde or being isolated and using the desired RPV 
pressure profile and flow quality in the MSL as boundaries conditions. 
One of the problems with the RCIC nodalizations is the turbine model which it has been 
modified for the present study with the inclusion of the degradation coefficient developed 
in Chapter 2 and the steam flashing phenomenon. Both modifications influence on the 
turbine generated power and consequently, in the computed momentum equations. 
A secondary objective of this section is the generation of the homologous curves prior to 
use the RCIC nodalization in RELAP/Scdap. The homologous curves are the condensed 
representation of the pump head and torque characteristic curves. 
Prior to the homologous curves generation, the QH curve has to be obtained usually by the 
manufacturer but not in this case. The QH curve is generated by using the data from the 
RCIC specifications and the pump theory described in this chapter. 
The generation process used in this chapter has some flaws however. Due to the little 
information available of the RCIC pump only the first quadrant (normal pump regime) 
homologous curves could be generated. Although it should not be a problem due to 
regarding the data, the RCIC pump was supposed to run always in that regime. If the 
simulation crashes before ending, the last time step pump regime should be checked to 
ensure that assumption. 
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Chapter 5 Simulation results and discussion 
The simulation results will be presented and discussed in this chapter. The nodalization 
used for the simulation is the one shown in Figure 4-8 corresponding to the last iteration 
version of the RCIC system. 
The created nodalization has the ability to perform simulations in open or closed loop 
configurations. 
 Open loop: The nodalization is used as presented in Figure 4-8. For this 
configuration, the RPV is reduced to two time-dependent volumes (210 
and 345) and the only required boundary conditions are the RPV pressure 
profile and the flow quality at the MSL. This configuration is useful thanks 
to its low boundary conditions needed and its simplicity which allows 
making faster simulations. 
 Closed loop: The nodalization can be attached to an RPV nodalization, such 
as Laguna Verde, in order to physically close the loop. The boundary 
requirements are changed to the fuel energy, either using the reactors 
kinetics or the power vs. time table option. This configuration requires 
more data and its complexity is increased consuming more computational 
time. It has the advantage to minimize the uncertainties caused in the 
models by closing the loop. 
 
5.1- Single phase flow analysis 
Before starting with the reproduction of the accident itself, a brief single phase simulation 
analysis should be done to verify the nodalization itself; as mention before, the RCIC 
nodalization used in this research has been completely created from zero, including the 
generation of the homologous curves used in the pump model. Thus, it has to be verified 
that it is supposed to work as intended and it is able to simulate with accuracy, at least, 
the design points described in the RCIC system specification sheet.[6] 
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Table 5-1 RCIC specification sheet [] 
 
Table 5-1 has already presented previously in this paper but it has been included here for 
convenience. The table shows the expected RCIC behavior at two operation points, high 
and low pressure limits. In other words, if the RPV pressure is 7.83MPa, the RCIC system is 
supposed to extract 2.5kg/s of pure saturated steam through the MSL and inject a water 
amount equal to 26kg/s generating 373kW of power at the turbine rotating a 4500rpm 
and having a pump head equal to 850m. The description of the system in low pressure 
limit is analogous to the high pressure. 
The objective of the single phase analysis is to analyze the nodalization response using a 
constant RPV pressure s boundary condition equal to the upper and lower pressure values 
described in the RCIC specification sheet and verify that the rest of computed parameters 
match the design values. 
The simulations were done assuming a simulation time of 10h, long enough to ensure the 
steady state achievement. 
Figure 5-1 to Figure 5-3 show the computed results for turbine power, rotational speed 
and pump head for high pressure (black line) and low pressure (blue line) boundary 
conditions. The RELAP results are compared with the corresponding values obtained from 
the specification sheet (red line for high pressure and orange for low) 
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Figure 5-1 RCIC turbine power
 
Figure 5-2 RCIC turbine-pump rotational speed 
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Figure 5-3 Pump head 
 
Figure 5-4 High pressure limit mass flow rates 
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Figure 5-4 represents the computed steam and water mass flow rates corresponding to 
high pressure limit of 7.83MPa. The computed values are compared with the respective 
design values. 
Analogously, Figure 5-5 shows the mass flow rates values for low pressure operation point. 
 
Figure 5-5 Low pressure limit mass flow rates 
As can be observed in the previous figures, all the computed parameters show values close 
to the respective design values allowing concluding the analysis with an overall good 
accuracy of the RCIC nodalization and, especially, the generated homologous curves. 
Once the nodalization has been verified in single phase, the two phase flow analysis can be 
performed reproducing the F1D2 accident. 
 
5.2- Two-phase flow analysis – Accident progression 
 
5.2.1- Open loop simulations 
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The first set of simulations considering two-phase flow in the MSL, and consequently in the 
turbine, are done using the open loop configuration. All the simulations done include the 
turbine degradation modification explained in the previous chapter. The first data 
available from TEPCO corresponds to t=8h (Figure 3-1), before that single phase has been 
assumed in the turbine 
The open loop configuration simulations use the RPV pressure profile measured by TEPCO 
(Figure 3-1) in conjunction with the mass flow rates calculated with the numerical analysis 
(Figure 3-9). 
 
Figure 5-6 Mass flow rates 
Figure 5-6 shows the computed values for the mass flow rate extracted from the RPV and 
the mass flow rate injected back to RPV. The red line shows a single phase period 
corresponding to the design value of pure steam of 2.5kg/s and then is drastically 
increased when the water starts to move through the turbine. The presence of water in 
the turbine leads to a reduction of the amount of water injected to the RPV by the RCIC 
system until both mass flow rates are coupled leading to a constant RPV water level 
around the MSL height. 
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Figure 5-7 describes the suppression chamber water level behavior during the RCIC 
operation time. The water level is increased during the first 13h due to the use of the CST 
as a water source. Once the water source is changed at t = 13h, the water starts to 
decrease mainly due to the actuation of the vacuum breakers which connects the S/C with 
the drywell 
 
Figure 5-7 S/C water level 
The vacuum breakers are set up to be activated when the pressure difference between the 
S/C and the drywell is higher than 25psia [8-9].The total mass passing through the vacuum 
breakers can easily be measured by integrating the data from Figure 5-8 over the 70h of 
RCIC operation as described in equation 5.1 
?̇?𝑡𝑜𝑡𝑎𝑙 𝑣𝑏 = ∫
𝑑?̇?𝑣𝑏
𝑑𝑡
70
0
                                                       (5.1) 
The computed total mass moved through the vacuum breakers to the Drywell during the 
RCIC operation time is about 1092kg 
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Figure 5-8 Steam mass flow rate through vacuum breakers 
 
Figure 5-9 S/C pressure 
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Figure 5-9 and Figure 5-10 show the pressure and temperature behavior in the 
suppression chamber during the RCIC operation. The S/C pressure initially slowly increases 
because the water is absorbing the steam heat. Once the temperature of water at the pool 
surface reaches the boiling temperature at t=20h it starts to generate steam causing a 
much faster pressure increment and a steam extraction through the vacuum breakers to 
the Drywell. The temperature profiles described in Figure 5-10 show the temperature at 
different heights assuming no flooding in the torus room and clearly represent the thermal 
stratification phenomenon occurred in the S/C due to the fluid injection. 
 
Figure 5-10 S/C temperatures at different heights 
Each height corresponds to the middle point of the nodes used to nodalize the suppression 
chamber. The injection is located between nodes six and seven (red and black lines in the 
figure) corresponding to the highest temperature values, as far from the injection region, 
lower the temperatures are.  
Figure 5-11 describes the turbine power computed by RELAP. It is compared with the 
numerical estimation obtained from the numerical analysis of the RCIC and with the 
computed value of RELAP before the turbine degradation coefficient addition. 
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Figure 5-11 Turbine power 
As mentioned above, the black line represents the actual computed power including the 
turbine degradation coefficient developed using the NHEM (new model). It presents a high 
agreement with the estimated values obtained by the RCIC numerical analysis 
The red line, on the other hand, shows the computed value prior the turbine model 
modification (old mode). It shows a complete different behavior computing larger values 
even when the two-phase started at 8h.  
The turbine response is a key factor on the RCIC system response, if the turbine power is 
overestimated, the pump will inject larger amount of water and the overall system 
efficiency will be overpredicted. 
Figure 5-12 shows the effects of the turbine power overestimation made by the RELAP 
model before the modification comparing both mass flow rates pumped back to the RPV 
under the same boundary conditions. As can be observed, the model previous to the 
modification computes higher values of water mass flow rate despite to use the same inlet 
conditions. The conclusions extracted are consequent with the ones extracted from Figure 
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3-13; if no turbine degradation is considered it does not matter the flow quality in the 
turbine, it will always result in a RPV water level increment. 
 
Figure 5-12 Pumped mass flow rate comparison 
The black line drastically drops to zero around 60h after the simulation start. It is due to 
the depletion of the suppression chamber caused by the huge amount of water displaced 
by the pump. It is clear that the simulation does not agree with the F1D2 event log 
supporting the initial assumption that some kind of degradation actually occurred in the 
turbine. 
Figure 5-13 shows the computed mass flow rate from the CST.  The data from TEPCO [11] 
suggests an injection of 1000T of water from the CST during the first 13h (marked with 
dotted line in the figure). The figure also shows, only for comparison purposes, the 
computed values using the old model (without the turbine degradation included). 
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Figure 5-13 CST mass flow rate 
The control logic of the nodalization is set up to stop the CST water injection after 1000T 
have been moved and compute the resulting time. As can be observed, the simulation 
including the degradation coefficient shows a good agreement with the event log of F1D2 
meanwhile the old model is short due to the turbine power overpredicition. 
 
5.2.1.1- Torus room flooding 
As mention early in this dissertation, one of the assumptions made regarding the RCIC 
operation was the hypothetical flood of the room where the S/C is located. Figure 5-9 and 
Figure 3-2 show a divergence between the computed and the TEPCO values of the S/C 
pressure. This difference can be caused by the flooding outside the torus, so a sensitive is 
done using the flooding control of the nodalization trying several flood levels and 
observing their influence on the S/C parameters. 
The flooding simulation assumes that the wave reaches the torus room suddenly through 
the service doors 1h after the simulation start meaning no small leakage inside the room is 
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considered. Figure 5-14 shows the corresponding water level in the room represented by 
volume 416 in the nodalization. 
 
Figure 5-14 Flooding level 
The presence of ocean water in the surroundings of the suppression chamber enhances 
the heat removal from the inside to the outside. Figure 5-15 shows how the S/C pressure 
is decreased depending on the water level in the torus room. The dotted line represents 
the data measured by TEPCO. As can be observed if a flood of the 80% of the S/C height is 
assumed (water level of 7.5 m), the computed values for the pressure are exactly the same 
as the measured ones. 
The S/C pressure is highly sensitive to the flood level suffering a reduction of almost 50% in 
the worst flood scenario. 
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Figure 5-15 Flooding effect on S/C pressure 
 
Figure 5-16 Flooding effect on S/C temperature 
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The presence of water may not only affect the pressure but also the computed 
temperature on each of the S/C nodes. Figure 5-16 describes and compares the 
temperature behavior of the water inside the S/C in two different regions depending on 
the water level outside. 
The flood affects the S/C temperatures, reducing them around 50oC. The solid lines 
represent the temperature of the water around the injection point. A major decrement in 
the temperature can be observed in the 4.5 and 7.5 meters case corresponding to the time 
when the water level outside the S/C reaches the corresponding height.  
On the other hand, the dashed lines represent the temperature at the coldest point of the 
S/C, that it is, the bottom region where the water is extracted. In this region the 
decrement in the temperature occurs sooner due to its lower height. 
An accurate estimation of the S/C conditions is important for the overall RCIC performance 
since the S/C is considered the exhaust of the turbine and a change in the pool conditions 
might extend to the turbine performance and, in consequence, to the RCIC system. 
Figure 5-17 shows the comparison of the computed turbine power between the simulation 
with no flood and with flood level of 7.5 meters. As can be observed, despite the changes 
in the S/C parameters, the RCIC turbine power is almost unaffected. 
 
Figure 5-17 Flooding effect on turbine power 
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The explanation is simple, despite the huge relative reduction in the S/C pressure and 
temperature; these changes are minor compared with the RPV pressure during the RCIC 
system operation. 
The main conclusion is, regarding RELAP, the flooding cold down the S/C but had no mayor 
effect on the RCIC system overall performance. 
 
5.2.2- Close loop simulations 
The open loop simulation results offer estimation close to the data and the information 
available of the F1D2 accident but it is not exempt of drawbacks. One of the mayor 
disadvantages of using open loop configuration is the dependency on the input data; in 
case of Fukushima Unit 2 that data is the RPV pressure measured by TEPCO. 
The main problem with the measured data is the inexactitude on the measurements. As 
can be observed in Figure 3-1 the initial pressure measurement is at 8h after the scram 
signal, during that period no data is available which makes the open loop configuration 
inaccurate, to solve this a single phase in the turbine has been assumed during that period 
of time. 
The close loop, despite being more complex, allows avoiding such dependency. For the 
second set of simulations, a simplified version of F1D2 RPV has been included in the 
nodalization. 
Figure 5-18 represents the nodalization used for the RPV used in RELAP/ScdapSIM. The 
nodalization is connected to the RCIC nodalization shown in Figure 4-8  by the MSL region 
for the steam extraction and the lower plenum for the water injection. 
For the close loop configuration, the boundary condition is reduced to the F1D2 decay 
heat profile shown in Figure 3-3 which is tabulated in a power vs. time table and used in 
the heat structure used to reproduce the fuel. 
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Figure 5-18 RPV nodalization 
 
Figure 5-19 Open/close loop RVP water level comparison 
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Figure 5-19 compares the computed RPV water level simulated by close loop configuration 
with the height of the centerline MSL. The computed water level agrees with TEPCOs 
water level measurements and the initial assumptions that the water level reached the 
MSL. In fact, during the first hours the level exceeded the MSL height causing that only 
water is extracted from the RPV. 
With the close-loop configuration, the RPV pressure changes its condition from user-
specified boundary parameter to computed value. Figure 5-20 shows the resulting RPV 
pressure obtained by using the close-loop configuration. 
 
Figure 5-20 RPV pressure 
In the figure, the computed value is compared with the measured pressure. The initial 
pressure suffers a reduction due to the huge amount of cold water injected by the RCIC 
which also causes the increment of the RPV water level above the MSL height. At this point, 
the turbine is forced to work with pure water and, hypothetically, suffering a considerable 
degradation for being working in a beyond-basis scenario.  
At the end, the degradation suffered by the turbine causes the reduction of the power 
generated, reducing, at the same time, the amount of water injected by the RCIC is 
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reduced causing an increment of the RPV pressure and, eventually, a reduction of the RPV 
water level. 
At some point, the situation naturally stabilizes itself; the water level has been reduced 
enough which allows the turbine to generate enough power to maintain the water level 
constant. With this constant flux of hot steam extraction and cold water injection, the RPV 
pressure starts to decrease gradually. The situation ends with the RCIC failure at 70h mark. 
The power developed by the turbine during the simulation also supports the previous 
explanation as can be observed in Figure 5-21. The power initially suffers huge oscillations 
due to the sudden change from steady-state to transient caused by the aperture of the 
RCIC valves. The reduction of the output power due to the water presence is clearly 
described at all stages of the transient. 
 
Figure 5-21 Turbine power 
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Figure 5-22 Coolant temperatures 
 
Figure 5-23 Cladding temperatures 
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Figures 5-22 and 5-23 show the coolant and cladding temperatures behavior respectively. 
Figure 5-22 shows the temperatures in the RPV at the lower plenum section and the MSL 
height. The lower plenum temperature shows a similar behavior than the temperature in the 
bottom part of the S/C. 
On the other hand, the MSL temperature shows a huge initial reduction caused by the huge 
amount of water injection that also caused the water level increment. Again once the turbine 
reduces its power and less coolant is injected, the temperature raises just to be cold down 
again once the situation stabilizes until the RCIC fails. 
The cladding temperatures shown in Figure 5-23 describe a similar behavior than the one 
explained for the coolant. The clad temperatures are kept far below from its melting point 
during all the RCIC operation time and only suffer a huge increment  to 2000K (melting point of 
Zircalloy-4 is 2100K)when it fails at 70h 
 
5.2.2.1- Steam flashing phenomenon 
As mention early in this study, the instant evaporation of the water fraction can be a 
relevant phenomenon on the turbine performance and, consequently, on the overall RCIC 
system behavior. 
Figure 5-24 shows the comparison on the fluid quality in the turbine component. As can be 
observed, the phenomenon causes an overall increase on the quality of around 20-30%. 
Figure 5-25 describes the amount of steam generated by the steam flashing phenomenon 
based on the ratio of flashing vapor (w) calculated in equation 4-42 and the water mass 
flow rate. 
This increment in the fluid quality is translated into an overall increment of the turbine 
computed power as is described in Figure 5-26. 
The amount of power incremented depends on the initial quality and follows the tendency 
of the degradation coefficient shown in Figure 2-16 and the quality relationship described 
in equation 4.43; if the initial quality is lower, its increment is larger and eventually the 
increment in the power is also higher 
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Figure 5-24 Steam flashing effect on turbine fluid quality 
 
Figure 5-25 Steam generated by flashing 
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Figure 5-26 Steam flashing effect on turbine power 
The increment of the turbine power allows the pump to inject more water into the RPV. 
The RPV water level comparison described in Figure 5-27 shows that, due to this 
increment in the amount injected, the water level is stabilized in a higher height, above 
the MSL centerline height. 
 
Figure 5-27 Steam flashing effect on RPV water level 
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It is remarkable the absence of difference in the computed water level during the first 
hours. It can be caused by the remaining steam mass in the upper plenum of the RPV 
which can only escape through the SRV once the RPV pressure exceeds the trigger 
pressure. This steam region would not be further compressed due to the water level 
increment and consequently would force the water level to be constant once reached 
some maximum height around 21m. 
Finally, Figure 5-28 shows and compares the RPV pressure behavior with and without 
considering the steam flashing in the RCIC turbine. Both pressures show a similar behavior 
but with an overall lover values in case of the steam flashing consideration.  
 
Figure 5-28 Steam flashing effect on RPV pressure 
 
5.3- Comparison of F1D2 accident results obtained by different codes 
As mentioned earlier in this dissertation, Fukushima accident has been widely analyzed by 
different laboratories, companies and research institutes. Despite huge part of the analysis 
results are still private data not available to the public, in this section the results obtained 
149 
 
in this dissertation by using RELAP are compared to the results obtained by the Institute of 
Applied Energy and TEPCO. 
The IAE used SAMPSON code to perform their simulations of all the different reactors of 
Fukushima Daiichi. Regarding Unit 2 they also assumed degradation in the turbine due to 
the water flow and developed their own turbine degradation coefficient. The data used for 
the comparison corresponds to their findings which were presented on ICONE23. [42] 
TEPCO used MAAP code (previously described in Chapter 1), In their assumptions they 
directly assumed a reduction of a 66% of the injected water from the RCIC [23] 
 
Figure 5-29 RELAP-SAMPSON-MAAP RPV pressure comparison 
Figure 5-29 shows the RPV pressure computed by RELAP, MAAP and SAMPSON. Despite all 
three of them show the same pressure behavior; initial fast reduction followed by a 
pressure increment and a second reduction, the IAE computed pressure describes a better 
agreement with the measured values probably due to the iteration process used to 
develop their degradation coefficient. 
The pressure computed by TEPCO shows a lowest point of 4MPa far below the values 
computed by the other codes. 
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Figure 5-30 RELAP-SAMPSON-MAAP RPV water level comparison 
 
Figure 5-31 RELAP-SAMPSON steam generated by flashing 
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Figure 5-30 show the computed RPV water level. Regarding the water level, a huge 
discrepancy can be observed depending of which code has been used and which 
assumptions have been made. 
Since TEPCO directly reduced the overall water injected to a 30% of its design value, the 
computed level based on their analysis show low values during the first hours while RELAP 
and SAMPSON analysis show higher values due to the high amount of injected water. Also, 
MAAP analysis does not consider the steam flashing 
Regarding the SAMPSON analysis, it show a behavior more similar to the one obtained by 
RELAP. In both cases, the computed water level exceeds the MSL height during the first 
hours of RCIC operation. The main difference is that while in RELAP the water level quickly 
decays until it stabilizes at MSL height in case of SAMPSON that decay is slower lasting for 
almost 60h before reaching the MSL. 
One important thing to mention is that, in fact, the RELAP analysis made in this 
dissertation is the only one to quantitatively explain its degradation coefficient based on 
known theories and principles; TEPCO directly reduced the injected water to a 30% but 
without any quantitative explanation about the reasons behind. In case of IAE, their 
degradation coefficient is an iteration-generated value that allow their computational 
results to match TEPCOs measurements and that is the reason why SAMPSON pressure 
results show the best agreement with the onsite measurements. 
Figure 5-31 shows the steam generated by flashing on RELAP and SAMPSON analyses 
(MAAP does not consider such phenomenon). The computed values are higher in RELAP 
analysis especially during the first 10h and can be an explanation about the water level 
difference between both studies. 
Despite the differences in the results, all three codes present good agreement with TEPCO 
measurements and provide a realistic explanation of the F1D2 accident progression. That 
discrepancy can be explained by the influence of several factors. 
 The code used: each code has its own correlations and equations that make it 
unique as described in Table 1-3 
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 The information available: The data is important in order to be able to nodalize 
with accuracy complex component such as turbines. The lack of specification data 
has been one of the major issues when doing this study 
 The nodalization: Severe accident codes provide plenty of freedom to create a 
nodalization; it can be more or less complex depending on the circumstances. 
Different nodalizations of the same system can lead to different results 
 Initial assumptions: The assumptions made during the analysis also have a large 
impact on the final results; the application of steam flashing, the degradation 
coefficient… 
 
5.4- Summary 
This chapter shows and discusses the main results obtained by simulating the F1D2 
accident conditions in RELAP.  
The first set of simulations correspond to a turbine single phase flow scenario which main 
objective is to verify the RCIC nodalization, and specifically the RCIC pump homologous 
curves, with the data specified in the RCIC system specification sheet. The results for both, 
high and low pressure points, show good agreement with the design parameters proving 
the accuracy of the nodalization for complex simulations 
The first two-phase flow simulations are done under the open-loop configuration. This 
configuration uses the measured RPV pressure and the flow quality obtained in the 
numerical analysis to compute the RCIC turbine, and the RCIC system, performance during 
the F1D2 accident. The simulation shows a reduction around 2 in the power generated by 
the turbine due to the water presence. That reduction allows the injected and extracted to 
be equal avoiding the computed mass unbalance which is no physically possible. 
The results also described the temperature and pressure increment in the S/C during the 
RCIC operation time as well as the steam generated extracted to the drywell through the 
vacuum breakers. 
The hypothetical torus room flooding might affect the turbine performance by changing 
the S/C (turbine downstream) conditions. A sensitive analysis is performed to evaluate the 
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pressure and temperature reduction as well as to compare the values with the S/C 
pressure measured by TEPCO. The computed flooding height that matches better with the 
measured values correspond to an 80% of the total room height. Despite the relative large 
difference in the S/C properties, it has been proved that its effect on the turbine 
performance can be neglected. 
The last set of simulations is done under the close-loop configuration; a simplified version 
of the RVP is added to close the loop in order to analyze the RCIC performance avoiding 
the main disadvantages of the open-loop configuration. As can be observed, the RPV 
water level between both configurations only differ at the beginning precisely when the 
lack of RPV pressure data makes the open-loop less accurate. At last, the computed RPV 
pressure is compared with the measured one and, despite showing some discrepancies, 
both show the same behavior during the RCIC operation time. The discrepancies can be 
generated by the use of a simplified RPV nodalization. 
The steam flashing is also considered and its effects are discussed; it increases the fluid 
quality in the turbine which eventually leads to a more power, higher RPV water level and 
lower RPV pressure. Despite the differences, no major behavior discrepancies are 
appreciated in the RPV water level or pressure behaviors. 
The dissertation results have been compared with other parallel analyses carried on by IAE 
and TEPCO. Apart from the small differences in the computed results which can be easily 
explained by several differences in the analyses, the RELAP analysis made in this 
dissertation is the only one to quantitatively explain its degradation coefficient based on 
known theories and principles; TEPCO directly reduced the injected water to a 30% but 
without any quantitative explanation about the reasons behind. In case of IAE, their 
degradation coefficient is an iteration-generated value that allows their computational 
results to match TEPCOs measurements. 
The use of principles and models such the critical flow models while developing the 
degradation coefficient provides a larger validation to the theories supporting the turbine 
degradation phenomenon. 
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Chapter 6 Conclusions 
The objective of this paper was focused on Fukushima Unit 2 analysis uncertainties 
originated from the RCIC operation which directly related with the RCIC turbine behavior. 
The most important analysis was based on the assumption that the turbine is 
underperformance due to the presence of water in the flow. A new model was developed 
with the consideration of two phase flow degradation. 
The first main conclusion extracted from this study is the successfully development of the   
turbine power degradation coefficient based on the Unit 2 RCIC turbine design parameters 
which were used to estimate several geometric parameters and the use of the 
Homogeneous Equilibrium Model (HEM) and Non-Homogeneous Equilibrium Model 
(NHEM) critical flow models. 
For the verification, the degradation coefficient form both models were included in the 
RCIC system numerical analysis based on TEPCOs measurements and the corresponding 
results compared with the IAE data. The analysis proved that degradation in the turbine is 
needed for the numerical results to match the measured data. Due to the low average 
quality of the resulting flow, the NHEM model was selected due to its better accuracy at 
low qualities. 
The degradation coefficient developed in this study, unlike the IAE coefficient which is just 
a generated value to force the matching between their computation analysis and TEPCOs 
data, provides a reason about why the turbine power is reduced based on the moisture 
energy loss due to water presence. It is also is easy to develop and can be adjust to other 
turbines with almost no complication if the design values are available.  
In conjunction with the numerical analysis, a complete new brand RCIC nodalization was 
created to reproduce the RCIC system performance and evaluate the turbine behavior 
during the F1D2 accident including the degradation coefficient. To use the nodalization, 
the homologous curves for the RCIC pump were developed based on the pump 
performance curves and the data from the RCIC specification sheet. 
The computational analysis also proved to be useful to perform auxiliary sensitivity 
analysis related to steam flashing and the torus room flood. The torus room flood greatly 
155 
 
affects the S/C conditions but despite the relative large effect on the suppression chamber, 
the overall effect in the turbine, and consequently in the RCIC system, can be neglected.  
On the other hand, the steam flashing indeed caused an effect on the computed results in 
the turbine and eventually increasing the RPV water level and reducing the RPV pressure. 
Despite the differences, though, no major behavior discrepancies are appreciated in the 
RPV water level or pressure behaviors. 
The second main conclusion is the quantitatively verification of the initial assumptions 
thank to the RELAP/ScdapSIM computational analyis, especially the RPV water level; 
TEPCOs data show a constant RPV water level throughout the 70h of RCIC system 
operation time but could not be true, in fact, what TEPCO measurements show is that the 
water level in the RPV was at least at the same height of the MSL.  
The computational results from the close loop configuration show, not only similar values 
and behavior to the TEPCO data, but also that the initial assumption of constant RPV water 
level is, indeed, true almost all the time showing only a higher water level values at the 
beginning of the accident and just for a small amount of time due to the degradation 
suffered by the turbine. 
The computational results have been verified by comparing them with the results from 
other analysis. The major achievement of this study is that, in fact, is the only to provide a 
quantitative explanation of the presence of the degradation phenomenon based on known 
models and equations. 
The implications of that behavior of the RCIC; being capable to keep the water level 
constant at MSL height and the core covered for long periods of time are immense. The 
results prove that the RCIC system has, somehow, a feedback capability. In other words, 
the system by itself has the ability to cool down the reactor and successfully delay the core 
meltdown without any human interaction. This capability is interesting enough to be 
studied in detail and to be taken into consideration for future accident management not 
only for BWR but also for PWR. 
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